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Since the discovery of microemulsions, the increasing interest both in basic
research and in different industrial fields became more significant due to
their unique properties, namely, large interfacial area, ultralow interfacial
tension, thermodynamic stability and the ability to solubilize otherwise
immiscible liquids. In recent years, nanoparticles have gained an increasing
interest because of their unique size dependent properties (electrical, mag-
netic, mechanical, optical and chemical) which largely differ from those of
corresponding bulk materials. As it is already known, by precise control of
microemulsion composition and morphology, the special properties of the
nanoparticles can be enhanced by their incorporation and/or coating with
different matrices. Recently, the microemulsion assisted sol-gel procedure
used to control the size, shape and distribution of nanoparticles, was applied
as a versatile tool to prepare inorganic and hybrid silica based materials
with results in tehnological application, such as: electrochemical, solar col-
lectors, photocatalysis wastewater treatment and NLO materials. This
paper aims to offer a vivid look on the use of microemulsions assisted sol-
gel procedure for synthesizing and controlling the size and morphology of
the nanoparticles and in the same time some recent works carried out in the
synthesis and application of organic and inorganic silica based materials by
this method are reviewed.
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1. INTRODUCTION

Nanosized materials such as quantum dots, nanoparticles, nanowires and
nanotubs or nanostructured materials have attracted a special attention due to
their interesting properties that cannot found in the case of macroscopic
materials [1]. Nanomaterials unique properties determined by their quantum
size effect lead to the narrowing of the structure bands by forming distinct
quantic levels. These materials are among the most promising sources of sci-
entific and technological research, since one can tune their optical, magnetic,
electrical, catalytic, and drug transporter properties [2, 3]. In addition, their
physical properties such as mechanical rezistance, thermal stability and
chemical passivity are well improved. Nanoparticles, more and more applied
in various fields in science, industry and environment, resulted in a straight-
forward need for new synthesis and characterization techniques of these
types of materials.

Both inorganic and organic nanoparticles have been synthesized by a vari-
ety of physical and chemical methods like chemical reduction [4-6], thermal
[7], irradiation [8, 9] or methods using laser ablation [10]. Among these
methods microemulsification is one of the most efficient preparation meth-
ods, which allows the control of nanoparticle properties such as size, geom-
etry, morphology, homogeneity and surface area. Furthermore, the
development of a new recent method, namely, the microemulsion assisted
sol-gel process [11-15] has resulted in silica based materials with special
properties. The potential advantages of this strategy for silica based materials
preparation are: i) the inorganic and organic nanoparticles are obtained
directly in the microemulsion; ii) the nanoparticles size and shape can be
controlled to a great extent therefore a narrow particles size distribution can
be obtained; iii) the nanoparticles entrapment is based on the formation of the
silica network around them, acting as cristallization nuclei within the micro-
emulsion colloidal aggregates.

This article reviews the recent utilization of microemulsions assisted sol-
gel procedure for the synthesis of metallic, metallic oxide and organic
nanoparticles and summarizes the works carried out in the synthesis and
application of organic and inorganic silica based materials by this method.

2. GENERAL METHODS FOR NANOPARTICLES SYNTHESIS

The main methods for nanoparticles synthesis are chemical, mechanical, in
situ and in gaseous phase.

2.1. Chemical methods
Chemical methods for nanoparticles synthesis encompass colloidal chemis-
try, hydrothermal process, sol-gel and other precipitation reactions [4-6, 16].
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The precipitates obtained by controlling the solutions of different ions mix-
ture in well-established ratios, the temperature and pressure, and insoluble
compounds were collected by filtration and dried in order to obtain final
nanoparticles powders. Both organic and inorganic materials are the result of
these methods by simple and low cost equipment and in significant amounts.
Other important advantages of this synthesis route are the strict control of
their size and the final materials have high monodispersity. These methods
have also some limitations like the small yields of the sol-gel processes. A
new approach that can eliminate these drawbaks was the use of micellar
microreactors where are synthesized well-dispersed nanoparticles.

2.2. Mechanical methods

Mechanical processes encompass milling and mechanical alloying and uses
physical techniques of spraying in increasingly finer powder. The most popu-
lar methods are rotating ball mills and planetary mills [16]. The advantages
of this method are its simplicity and low cost, while the disadvantages are
agglomeration of the powders, high particle size distribution range and con-
tamination of the powders. These methods are used for metallic and inorganic
materials, but not for organic materials.

2.3. In situ methods

In situ synthesis processes are lithography, physical and chemical vacuum
deposition processes in vaporous phase, spray coatings, etc [16]. They are
mostly used to manufacture nanostructured layers and coatings. Getting pow-
ders is done by spraying deposits on the collector. Nanoparticle synthesis is
relatively ineffective by this method.

2.4. Synthesis in gaseous phase

Synthesis in gas-phase includes flame pyrolysis, electro-explosion, laser
ablation, evaporation at high temperatures and plasma synthesis techniques
[16]. The main disadvantages of these techniques are extreme temperature
and pressure conditions and high costs.

2.5. Microemulsion technique
In contrast to the above mentioned methods, microemulsification technique
has several advantages, including a better control of nanoparticle properties,
such as size, geometry, morphology, homogeneity and surface area [17, 19].
In Figure 1 some of the most interesting forms of nanoparticles synthesized
in water-in-oil microemulsion are presented.

This method allows the use of various combinations of aqueous phase/
surfactant/organic phase (Table 1).

Microemulsion is used for the synthesis of nanomaterials with high spe-
cific surface area and structure similar to the original template, so formulat-
ing and controlling the microemulsion process have become extremely
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FIGURE 1
Nanoparticles generated in microemulsion: (A) spheres, (B) nanowires, (C) nanobars, (D) nano-
platelets

important for various applications. Microemulsion formulation depends on
the operating conditions (temperature, pH) and the composition of the phases
presented in the system. Its precise composition is extremely useful, not only
to obtain microemulsion, but also for processing properties such as type, sta-
bility, viscosity and droplet size.

Microemulsions are used as synthesis nanoreactors for nanoparticles with
low polydispersity. When the synthesis proceeds in a polar solvent, the areas
of interest are water-in-oil, and when the process requires a non-polar phase,
the areas of interest are oil-in-water. An important feature of this system is its
dynamics, micelles frequently collision due to Brownian motion and merging
to form dimers, exchanging components and then spliting up. This exchange
process is fundamental for the synthesis of nanoparticles in microemulsion
templates as allows the solubilized reagents in separate systems to react after
mixing. This is for example the case of metal oxide nanoparticles in which
one microemulsion contains the metal salt as aqueous phase and the other as
the reducing agent. Thus, the microemulsion templates can be described as
nanoreactors that provide a suitable environment for controlling the nucle-
ation and growth of nanoparticles. In addition, in the final stage of nanopar-
ticles growth, the steric stability is ensured by surfactant layer that prevents
the aggregation of nanoparticles [46].

Microemulsification method has the advantage of a uniform distribu-
tion of the reducing agent which will react rapidly with the metallic
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TABLE 1
Microemulsion systems as templates for nanoparticles synthesis
NP Surfactant Microemulsion system Reduction system References
Metalic nanoparticles
Pt Ionic (CTAB) W/O* Chemical agent: N,H, [18]
Ww/0
Pt,Pd  Ionic (AOT) Isooctane/AOT/water Chemical agent: NaBH, [20]
W/O
CTAB/Pd(NH2),Cl, or K,PdCl,
Pd Tonic (CTAB) /octanole Chemical agent: N,H, [18]
Rh ITonic (CTAB) W/0 Chemical agent: hydrogen [18]
Ir Ionic (CTAB) W/0 Chemical agent: active hydrogen [18]
Non-ionic
(Pentaethylene
Glycol Dodecyl ~ W/O
Au Ether (PEGDE)) HAuCly/cyclohexane/ PEGDE Chemical agent: NaBH, [21]
Non-ionic
(Pentaethylene
Glycol Dodecyl ~ W/O
Ag Ether) AgNO;/n-hexane/PEGDE Photoreduction [22]
Au Tonic (AOT) W/O0 Photoreduction [22]
W/O0 Chemical agent:
Au ITonic (AOT) diethyl-ether/AOT/water dodecanthiole [23]
O/W**
CTAB/n-pentanole/hexane/
Au Ionic (CTAB) water Dodecanthiol [24]
W/O
Tonic SDS/toluene—pentanole (1:1)/ Chemical agent:
Au (SDS) water poliethylenimine [25]
Non-ionic W/0 Chemical agent:
Au,Ag  (Triton X-100) Triton X-100/ciclohexane/water ~NaBH, [26]
Chemical agent:
poli-(N,N-dialile-N, N-dimethyl-
ITonic amonium-salt-N-octhyl-carbox-
Au (SDS) W/O ilate maleamic) [27]
W/O
Tonic CTAB/n-butanole/ Chemical agent:
Au (CTAB) n-heptane/HauCl, CTAB [28]
lauryl glucoside,
lauryl fructose Oo/wW
and lauryl lauryl glucoside, lauryl fructose
Au ascorbate and lauryl ascorbate/toluene/apa  Microwave irradiation [29]
Non-ionic o'W Lauroyl glucose, lauroyl
Au (Triton X) water/Triton X-100/hexane fructose and lauroyl ascorbate [30]
Tonic O/W Lauroyl glucose, lauroyl
Au (AOT) water/AOT/ciclohexane fructose and lauroyl ascorbate [30]
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TABLE 1
Continued
NP Surfactant Microemulsion system Reduction system References
UV photoreductive surfactant
W/O in:
Au Tonic hexyl-phenil-azo-sulfonate [31]
Non-ionic W/O [32,
Au (Brij 30) water/Brij 30/heptane UV Iradiation 33]
W/O Chemical agent:
Re ITonic water/AOT/n-heptane NaBH, [34]
Ionic (Dioctyl
sodium
sulfosuccinate Chemical agent:
Cu (AOT)) W/O N,H, [35]
Metal oxide nanoparticles
Non-ionic W/O0 Chemical agent:
NiO (rhamnolipide) water/n-heptane/rhamnolipide NH,OH [36]
W/O
water / sodium dodecyl
Tonic sulfonate (DSS)/ Chemical agent:
NiO (DSS) n-pentanole/n-heptane NaBH, [37]
W/O
Non-ionic water/Triton X-100/ Chemical agent:
NiO (Triton X-100) n-hexanole/ciclohexane NaBH, [38]
W/O
NiO, Non-ionic water/Brij 30/ Chemical agent:
ZnO (Brij 30) organic phase NH,OH [39]
W/O Chemical agent:
ZnO Ionic (CTAB) n-octane/n-butanol/CTAB/water NaOH [40]
W/0 Chemical agent:
SnO, Tonic (SDS) water/SDS/hexane NH,OH 6% [41]
W/0
germanium tetraecthoxide/AOT/  Chemical agent:
GeO, ITonic (AOT) 2,2 4-trimethylpentane NaOH [42]
W/O0
Tonic (CTAB, water/ Tetraethylorthosilicate/ Chemical agent:
SiO, SDS) ethanol/CTAB, AOT NaH; [43]
W/O
Nonionic (Triton  zirconium salt/Triton X-100/ Chemical agent:
710, X-100) ciclohexane/hexanol H,SO, [44]
W/O
water/cyclohexane/AOT/
TiO, Tonic (AOT) titanium tetraisopropoxide Hydrolysis in the organic phase [45]

Organic nanoparticles

Ceo

Non-ionic
(Triton X-114)

oW
Triton X-114/ water/
acetonitrile/pinus oil

Chemical agent:
Acetonitrile

[11]

*water-in-oil microemulsion (W/O)

#*oil-in-water microemulsion (O/W)
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precursor, by coalescence and collision of the two micellar aggregates
containing different reactants. Nucleation will takes place in the same
time in the entire mass of microemulsion, which will favor the forma-
tion of a large number of nuclei within the aqueous core of W/O final
system.

Simple or combined nanoparticles are important materials in developing
new equipment that can be used in numerous physical, biological, biomedical
and pharmaceutical applications [47-49].

2.6. Microemulsion assisted sol-gel procedure
The microemulsion assisted sol-gel technique allows the incorporation of
inorganic and/or organic functional compounds into the colloidal aggregates
of microemulsion, this being used as template both for the nanoparticles syn-
thesis and for nanostructured silica network creation.

This method shows several advantages [50, 51]:

¢ the compatibility of the hybrid silica nanomaterials synthesized using the
microemulsion method to increase the solubility of hydrophobic active
compunds and to provide a stable and easy operation system for compo-
nents solubilized together, probably with protection against degradation;

e the possibility to control the nanoparticles composition, size and shape
with protection against agglomeration, leading to highly homogeneous
and monodisperse nanomaterials;

¢ the reduction of secondary product formation by replacing the processes
in several stages with the synthesis in initial reaction medium (*“one-pot”
procedure), having the advantages like less chemical consumption and
nanomaterials synthesis as a film form, all of these being in accordance
with the concept of green chemistry.

3. W/O MICROEMULSIONS - TEMPLATE FOR THE SYNTHESIS
OF NANOPARTICLES

A high number of nanomaterials were synthesized in water-in-oil microemul-
sions [52-56]. Liu et al. [57] have studied by TEM the formation of nanopar-
ticles in water-in-oil microemulsions, as these are the most used types of
microemulsions for the synthesis of nanoparticles, especially the metallic
ones. In Figure 2 is shown that the nanoparticle formation starts from the
interface towards the micelle core.

The nanoparticle evolution is strongly influenced by the intermicellar
change rates. The size and shape are dependent of five important parameters:
solvent, surfactant/cosurfactant type, reactant concentration, ionic aditives,
water/surfactant ratio, reaction time.
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A B C D

FIGURE 2
TEM images of the evolution of nanoparticles in reverse micelles at different reaction times: (A)
5 min.; (B) 30 min.; (C) 2 h; (D) 12 h from the beginning of the reaction

Therefore by controlling these parameters that influence the microemul-
sion and the nanoparticle formation kinetics, nanoparticles with different
geometries, hollow and filled or core-shell can be synthesized.

3.1. Metallic nanoparticles

From all the transitional metals, gold is the most electronegative and as such
it can be generated its salts using a high number of reduction agents (Table 2).
Gold nanoparticles can be obtained from their precursor salts by the reduc-
tion with: hydrogen, hydrures, hydrazine, hydroxylamine, alcohols and
organic species with reductive character.

M. Faraday was the first who studied the formation of colloidal gold solu-
tion using phosphorus ions as reducing agent [AuCl,]". He investigated the
optical properties of thin films prepared from colloidal solutions and observed
reversible color changes of films by mechanical compression (from blue -
purple to green by pressurization) [58]. Many other reducing agents easier to
handle have been discovered (Table 2). Thus, meanwhile the reduction meth-
ods have been improved, particularly in terms of better control of particle
size, but chemical principles are the same: reducing Me"*— Me®.

A so-called “green chemistry” has evolved in recent years, claiming that
the gold nanoparticles (AuNPs) can be generated using natural organic com-
pounds as reducing agents [59].

An elegant and valuable method is to generate gold nanopatrticles by reduc-
tion in water-in-oil microemulsions. Because of the low size of the template
provided by the microemulsion, the control of nanoparticle growth can be
obtained by varying the concentration of the ligand or other experimental con-
ditions. The use of potent ligands was still a major improvement in the synthe-
sis and manipulation of metal colloidal dispersions. In this direction phosphates
and thiols were found to be much better stabilizers than citrate, as these mole-
cules allow the isolation of gold nanoparticles as solids, which can be redis-
persed in suitable solvents [60]. However, it was noted that the size of the gold
particles may change during the process [61].
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TABLE 2
Gold nanoparticles synthesis by reduction, in different conditions
Reduction Reaction D, Aplica-
Precursor agent Medium Stabilizer conditions  nm tions
HAuCl, Na;Cit Water Cit*~ RT 12-60  Biology
Ascorbic
HAuCl, acid Water Cit*~ RT 12 Biology
Au-arylphos- Arylphos-
phine complexes NaBH, Water phine Inert 1 Biology
Etilic Ultrasoni-
HAuCl, alcohole Water - cation 10 Biology
White P in
HAuCl, ether Water - boiling 3-5 Biology
HAuCl, NaSCN SCN RT 2,6 Biology
Na,Cit/ Cit*/tanic
HAuCl, tanic acid Water acid heating 3-17 Biology
HAuCl, NaBH, Water Cit*~ 4°C 4 Covering
Toluene/
HAuCl, NaBH, Water Thiol RT 3 Chemistry
Na;Cit/
HAuCl, NaBH, Water Cit*~ 0°C 4 Covering
(Ph;P) Catalysis,
HAuCl, AuCl Benzene B,Hq - 1,4 sensors

Photoreduction is a very well known and widely recognized method,
preferred by many researchers as it is a “clean”, convenient and rapid
method for nanoparticles preparation [62-64]. This photochemical method
is based on the growth of gold nanoparticles around a “cristalisation seed”
under the action of light radiation [64].

Beyond the traditional methods, a new method has recently been devel-
oped, microemulsion assisted photoreduction technique (MAPR) (Scheme 1)
[65], which allows high flexibility during synthesis. Being a combined
method (microemulsion and photoreduction) it has the advantages of both
techniques, among them one can mention:

¢ the reduction reaction of a precursor metal (HAuCl,) is carried out under
UV radiation, thereby reducing the reagent consumption and the side
effects they produce;

e the possibility of obtaining NP in both water-in-oil (W/O) and oil-in-water (O/W)
microemulsions increases more the experimental versatility of this method;

e is applicable for a wide range of metal NPs, ranging from those with posi-
tive reducing potential to these with negative reducing potential or from
‘bulk’ NPs to the hollow spheres;
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Synthesis of metallic nanoparticles

e MAPR method can be fited over a wide range of nanoparticles by simply
adjusting the type or quantity of polar/non-polar phase and surfactants,
allowing fine tuning of the micelle and NP diameter.

The photoreduction of Au** in different water-in-oil microemulsion systems
yields spherical gold nanoparticles with diameters ranging between 2.5 and 30
nm, depending on the type of the organic phase. It also presents a good polydis-
persity and a very good stability (Table 3). The smallest nanoparticles (2.5 nm)
were obtained with ethyl acetate (EtAc) as organic phase, which has a short
carbon chain and a polar head as the carboxyl group. These characteristics
make it less hydrophobic than other hydrocarbons used in Table 3. This is why,
the solubilization capacity of the surfactant is lower, resulting in an increase of
the repulsion forces between the chains of the surfactant, and therefore, the size
of the droplet is smaller. The largest AuNP (30 nm) was obtained using the
system isooctane/Brij30/HAuCl, due to the branched structure of the carbon
chain of isooctane, which prevents the packing of the compact chains of surfac-
tant at water/oil interface, resulting in a larger diameter of the droplet.
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TABLE 3
The size of AuNPs inside W/O microemulsion template

Microemulsion system Size, nm Polidispersity ZP, mV
EtAc/Brij30/HAuCl, 2.5 0.21 30
C6/Brij30/HAuCl, 24.1 0.20 35
C7/Brij30/HAuCl, 9.8 0.25 51
iC8/Brij30/HAuCl, 30.0 0.30 49
C9/Brij30/HAuCl, 18.0 0.40 32

where: HAuCl, - hydrogen tetrachloroaurate; Brij 30 — polyoxyethylene
4-lauryl ether; C6 — ciclohexane; C7 — n-heptane; iC8 — isooctane; C9 — non-
ane; EtAc — ethyl acetate.

TEM analysis (Figure 3) of the AuNPs obtained through photoiradiation of
gold precursor in C7/Brij30/HAuCl, system confirmed the spherical shape of
nanoparticles. The statistical analysis indicated that the average size was around
10 nm, value also registered by DLS analysis as shown by Enachescu et al. [66].

The kinetic behavior of C7/Brij30/HAuCl, system under UVC irradiation
was evaluated by electronic spectra (Figure 4) which indicated a systematic
growth of 530 nm peak, attributed to the surface plasmon resonance band of
monodisperse gold nanoparticles, as evidenced by Fleancu et al. [67].

3.2. Functionalized metallic nanoparticles
The stabilization and in the same time functionalization of AuNPs with different

capping agent, such as thiols [68-72], surfactants [73,74] or polymers [75-81]
became increasly used since the functionalized metal nanoparticles are more
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FIGURE 3
TEM images of AuNP (left side) and the corresponding statistical distribution of their sizes (right side)
in C7/Brij30/HAuCl, system. Courtesy of M. Enachescu, University Politehnica of Bucharest [66],
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FIGURE 4

Evolution in time of AuNPs using UV-VIS electronic spectra in C7/Brij30/HAuCl, system.
Courtesy of M. Fleancu, University Politehnica of Bucharest [67],

stable than those unfunctionalized, the latter being affected by van der Waals
forces arising from the proximity of nanoparticles [82]. If in the solution, there is
nothing to oppose these forces the nanoparticles will agglomerate leading to the
reduction of the specific surface. Thiols are a class of chemical compounds that
can stabilize gold nanoparticles regardless the synthesis method. Mixing the thiol
with a gold precursor solution, a protector layer is formed around the nanoparti-
cles, and by the formation of a strong covalent bond, Au — S, the interaction of the
nanoparticles with each other and thus their agglomeration is prevented.

AuNPs stabilized with MS had very small sizes (10 nm), were spherical in
shape and the homogeneity of AuNPs, as shown by TEM image, is consistent
with the spectrum provided by DLS analysis (Figure 5).

There are only few reports in literature regarding the functionalization and
stabilization of AuNPs inside W/O or O/W microemulsion [66, 83]. For
example, Sodium 3-mercaptopropane sulfonate (MS) and cysteamine mono-
clorhidrate (CS) thiols were used to stabilize AuNP in W/O and also in O/W
microemulsion, and from polymer class, oleyamine.

3.3. Metallic oxides nanoparticles

Hydroxide nanoparticles (Ni(OH),, Zn(OH),) were synthesized using the same
procedure of microemulsion with the difference that in this case, the water
phase consisted in an aqueous solution of a metal salt (Ni(NO3), * 6H,0O (1 M).
The processing steps of the synthesis are found in Scheme 2. In order to synthe-
size metal oxide nanoparticles two W/O microemulsions were prepared and
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FIGURE 5

DLS spectrum (a) and TEM micrograph (b) of AuNP functionalized with sodium 3-mercapto-
propane sulfonate obtained in C7/Brij30/ HAuCl, W/O microemulsion system and the statistic
distribution of sizes

mixed. The first microemulsion aqueous core was formed from the electrolyte
of metal salts (Ni**) and the aqueous core of the second microemulsion by the
reducing agent (NH,OH) needed to obtain the corresponding oxides.

The UV-VIS spectrum of NiO nanoparticles as powders (Figure 6) identi-
fied two peaks, one at 385 nm, and the other at 650 nm. The existence of two
absorption peaks in the visible region may be caused by different shape of
NiO NPs formed during the nucleation process.

Meghea et al. [13] obtained NiO nanoparticles in water-in-oil microemul-
sion with sizes around 6 nm (Figure 7). NiO crystallites are evidenced by the
diffraction image which shows 5 well-defined diffraction rings which can be
indexed as (111), (200), (220), (311) and (222) crystal planes corresponding
to the cubic NiO phase structure.

3.4. Organic nanoparticles

Fullerene, Cq, is a material with outstanding physical and chemical proper-
ties that has found application in the construction of photovoltaic cells [84],
filters (laser protection glasses) [85] and nonlinear optics [86]. This has been
achieved by encapsulation of fullerene molecules in a matrix resistant to irra-
diation and aging and impermeable to oxygen molecules. Cg, molecules are
typically insoluble in polar solvents and thus preparation of material contain-
ing fullerenes in dispersed form or simply placing them in different porous
media or mesoporous become very difficult.

The microemulsion can maintain or improve the physical and chemical prop-
erties of the fullerene, and may also overcome some of the obstacles in the appli-
cation of C¢, in material science, such as their low solubility. Thus, the property
of Cg, to aggregate can be controlled by using a suitable microemulsion system.
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UV-VIS spectra of NiO nanoparticles obtained in water-in-oil microemulsion
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FIGURE 7
HR-TEM micrograph of NiO NP and the corresponding electron diffraction image (SAED).
Courtesy of A. Meghea, University Politehnica of Bucharest [13],

For the synthesis of organic nanoparticles (like Cq, nanoclusters) an oil-in-
water microemulsion was chosen with the following composition, 30 % non-
ionic surfactant (Triton X-114), water: ACN (1: 1) each 10% and the
remaining 50% the organic phase (pine oil) (Scheme 3) [11]. The system is
suitable for the formation of toluene-in-water droplets necessary for initiating
the process of clustering fullerenes in the presence of ACN.

The formation of O/W microemulsion has been supported by the value of
electrical conductivity (¢ =0.251 mS ¢ cm™). After 30 minutes stirring at room
temperature over the O/W microemulsion a solution of fullerene and toluene (2
g * L") was added so that the properties and appearance of the O/W microemul-
sion to be held (controlled by the value of electrical conductivity). The fullerene
concentration in the system was 0.01%. In order to obtain Cg4, nanoclusters, the
O/W microemulsion was added dropwise in a mixture of Triton X-114 and pine
oil prior prepared. The final mixture was stirred for 1h at room temperature.
The inversion of O/W microemulsion in a W/O was confirmed by different
values of electrical conductivity, from ¢ = 0.241 mS * cm™ to 6 = 0.023 mS
cm'. The fullerene nanoclusters synthesis scheme was presented in Scheme 3.

HR - TEM images of C¢, molecules and fullerene nanoclusters (Cg, NP)
are shown in Figure 8, from which it can be seen that Cg, used in the synthe-
sis is a buckminsterfullerene with a spherical molecular structure in which
carbon atoms are positioned at the ends of a regularly truncated icosahedron
composed of 20 hexagons and 12 pentagons [87]. The diameter of a single
Cso molecule is 0.7 nm. Meghea et al. synthesized Cgq, nanoclusters (Figure 8)
with sizes around 10 nm, and fullerene was in the crystalline form [11].

VIS-NIR diffuse reflectance spectra of Cy, and Cg,nanoclusters obtained
by Meghea et al. as powders (Figure 9) showed similar features for the two
materials [11]. They had a lower absorption on the left side of the visible
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v
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v 4_‘_/-/-" DLS analysis (size)

1h stirring at 298 K

A

Precipitation and washing with
acetone, centrifugation

Y
6h calcination at 873K

4

Cgo nanoclusters

SCHEME 3
Schematic diagram for synthesis of organic nanoparticles (Cq, nanoparticles)

domain until 600 nm due to a small chromophore content and higher on the
right part of the visible and near infrared domains between 700 — 800 and
1400 — 2000 nm as a direct result of nanoparticles aggregation.

3.5. Functional materials

The importance of studying the silica based materials reached the highest level
due to the extensive applications in the fields of catalysis, separation, electronic
and bio-tehnology. The silica materials show several advantages, such as:
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FIGURE 8
HR-TEM images for fullerene (a) and Cg, nanoclusters (b). Courtesy of A. Meghea, University
Politehnica of Bucharest [11],

porous structure, high specific surface area, high thermal stability, optical trans-
parency and chemical inert structure. Nevertheless, the mesoporous materials
based on pure silica present few drawbacks: low catalytic activity and nonselec-
tive adsorption properties, limitation which can be overcome by the immobili-
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1010 = _Cw-nanu:lusterE .
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FIGURE 9
The VIS-NIR diffuse reflectance spectra of solid C¢,and Cqy nanoclusters



152 NICOLETA-LILIANA OLTEANU et al.

83.7% microemulsion with inorganic (Au,
M0, ZnO) and organic (Cg,) nanoparticles

v
HC1 37%, pH = 2
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SCHEME 4
Synthesis stages of inorganic and organic nanoparticles based materials embedded in silica
matrix (SM)
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sation of functional components in silica suport. These kinds of materials
combine the silica mesoporous special properties with those of functional com-
ponents (metall and/or metall oxide nanoparticles, chromophores, biomole-
cules) leading to functional nanomaterials synthesis with specific applications.

As the uniform distribution of active components on silica surfaces is a real chal-
lenge, several procedures have been reported, such as: impregnation [88-90], graft-
ing by L-S reaction or G=S reaction [91-94], isomorphous substitution [95, 96],
molecular design dispersion approach [97, 98], template ion-exchange method [55,
56] and microemulsion assisted sol-gel technique [12, 13, 99, 100]. The last tech-
nique is related to the incorporation of inorganic and/or organic functional entities
within the microemulsion colloidal aggregates, acting as templates for both
nanoparticles synthesis and silica nanostructured network.

The inorganic and hybrid materials were obtained by microemulsion
assisted sol-gel process through the incorporation of inorganic and organic
nanoparticles inside silica matrix. Thus, after the synthesis of inorganic
(Scheme 1 and Scheme 2) and organic (Scheme 3) nanoparticles the micro-
emulsion pH was adjusted at 2 by the addition of HCl 37% followed by the
addition of silica precursor (TEOS) (Scheme 4).

3.5.1. Inorganic functional materials

According to Comanescu et al. [13] the application of microemulsion tem-
plate with similar structural units (size and shape) as synthesis method of
NiO based nanomaterials leads to a monomodal platelet shape and size distri-
bution of NiO nanoparticles covered by silica (Figura 10).

The most important advantages of using microemulsion assisted sol-gel pro-
cess as synthesis method for silica based metallic oxide nanoparticles (NiO
nanoparticles inside colloidal aggregates of microemulsion) is that it acts as
template system also for silica network. The assumption of homogeneity of
these materials is supported by specialized articles, for example Piccaluga et
al. [101] showed that metallic oxide nanoparticles inside sol-gel matrix are
formed mostly in the cavities matrix. Even further, by combining the micro-
emulsion with classical sol-gel process the nanoparticles size and shape can be
controlled thus obtaining a narrow size nanoparticles distribution.

The HR-TEM images (Figure 10) and the fast Fourier transform obtained
from these micrographs (inset of Figure 10) have revealed the random-like
array of SiO, inner pores and crystalline core structure of NiO nanoparticles,
with dimensions of approximately 5 nm. This behaviour was sustained by the
corresponding selected area electron diffraction (SAED), the presence of
NiO crystallites being evidenced by diffraction image which shows 5 well-
defined diffraction rings which can be indexed as (111), (200), (220), (311)
and (222) crystal planes corresponding to the cubic phase structure [13].

The band gap energy values of silica based metallic oxide nanoparti-
cles are less than 3 eV, thereby the capacity of these materials to adsorb
visible light rises significantly. This can be attributed to the effect of NiO
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FIGURE 10
HR-TEM micrograph of NiO/SiO, nanoparticles. Courtesy of A. Comanescu, University
Politehnica of Bucharest [13],

incorporation inside silica matrix which increases the number of surface
oxygen vacancies and/or surface defects. Therefore by combining the
properties of NiO, a p-type semiconductor and incroporation inside silica
matrix, Comanescu et al. [13] obtained materials with band gap energy
less than 3 eV (Figure 11). Thus a possible strategy to extend some semi-
conductor (TiO,, ZnO) absorption to visible light is the modification of its
valence band position by co-catalyst coupling.

This potential photocatalytic activity of silica based NiO materials can be
justified based on their ability to absorb visible or near-UV light (band gap <
3 eV, wavelength > 380 nm), after entrapment/coating into silica network,
which make them biologicaly and chemicaly inert.

3.5.2. Hybrid functional materials
The preparation of materials that are appropriate for light-induced phenomena or
solar energy conversion using fullerene-modified silica nanostructures able to
absorb almost the entire visible light domain seems to be a solution for the future.
The materials obtained by sol-gel method as fullerene matrix are more
advantageous than other materials since the fullerene molecules are encapsu-
lated and covalently bounded in the new formed network. The final synthesis
products are more stable as compared to polymers.
By using oil-in-water (O/W) microemulsions template based on Triton X-114/
Pinus oil/Acetonitrile/Water system fullerene Cq, nanoclusters embedded in sil-
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Energy band-gap determination of NiO based nanomaterials. Courtesy of A. Comanescu, Uni-
versity Politehnica of Bucharest [13],

ica matrix (Cgy/SiO, bulk) and silica coated Cg, nanoparticles (Cg/SiO, NP) have
been synthesized [11]. Fullerene clusters in the size range of 10-15 nm exclu-
sively confined inside the silica structure with wormhole like structures witout a
specific ordering was reported after the HR-TEM analysis [11].

It is well known that fullerene belongs to a series of carbon compounds
composed only of carbon atoms, similar to diamond and graphite. Fullerene
is considered a carbonaceous semiconductor material since it was firstly
obtained in 1999 by arc discharged of a carbon electrode. In the crystalline
form of Cg, the molecules exhibits a band gap of 1.8 eV and after incorporat-
ing C¢, nanoparticles (2.4 eV) inside the silica matrix semiconductors with
similar bands around 3 eV have been obtained [11].

Light spectrum from infrared to ultraviolet covers a range of 0.5 to 2.9 eV.
For example, the red light has energy of 1.7 eV, while the blue one, around
2.7 eV. Fullerene nanoclusters have the band gap energy of 2.4 eV and a yel-
low colour. By modifying the mesoporous silica insulated with fullerenes a
shift of band gap values toward 3 eV was observed. This value is considered
the limit that separates insulators (> 4 eV) from semiconductors (<4 eV) and
therefore fullerene-modified materials fall into the category of semiconduc-
tors. By using the microemulsion (for Cgy/SiO, bulk) or cationic surfactant
(for MCM-41) as structuring agents, the values of the band gap energies were
similar, around 3 eV [11], indicating that these materials have semiconductor
properties and the silica was modified with similar amounts of fullerenes.
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The general pattern of spectra remains practically unchanged (Figure 12)
without significant shift in peak wavelenghts, but the intensity of silica bulk
reflectance is increased due to the higher transparency of the silica matrix. It
results that the microemulsion technique represents a method for obtaining
silica coated fullerene clusters, this being the first stage of the preparation of
hybrid nanocomposites appropiate for the deposition of silica based thin
films.

The microemulsion assisted sol-gel technique is also used to solve another
major issue, namely the incorporation of biomolecules in a suitable matrix and the
preserving of their native properties. Rau et al. [12] had developed DNA-silica
materials using the microemulsion systems as templates for sol-gel procedure as a
unique approach compared to conventional methods involving adsorption on glass
surface, entrapment in polymer matrix or impregnation in porous glass powders
because the entrapment is based on the silica network formed around the DNA
biomolecules within the microemulsion colloidal aggregates.

The preparation of DNA-silica materials consists in two steps, as shown by
Rau et al. [12] preparation of microemulsion systems template, followed by the
DNA incorporation into silica matrix (Figure 13). The atomic force (AFM)
microscopy revealed an ordered units array pattern and structural units channels
runing parallel to each other with structural units in the DNA-silica thin films

similar in size and shape (Figure 14).

4. APPLICATION OF NANOSTRUCTURES MATERIALS

4.1. Application of metal and metal oxide nanoparticles

4.1.1. Coloured solar-thermal absorbers

Synthesis of nanoparticles with specific compositions, sizes, shapes and con-
trolled dispersion and consequently special properties is very important for
their applications in energy. In general, a selective solar absorber bases on the
deposition of metal particles into a porous substrate, such as anodic alumin-
ium. The porous alumina provides an ideal dielectric matrix for the nano-
sized metal particles, which provides a major absorption in the solar region.
Nickel pigmented aluminium oxide solar absorber was firstly reported by
Andersson et al. [102]. It has a good optical performance (solar absorbance,
o = 0.95 and thermal emittance, € = 0.12-0.20) but its service lifetime can be
shortened by high temperatures, humidity or atmospheric pollution. Enhance-
ment of solar radiation absorption using a nanoparticle suspension using a
nanoparticle suspension, in which Ni nanoparticles, having average diameter
of 4.9 nm have much higher absorption coefficient than the base fluid over
visible and near-infrared wavelengths, which are characteristic for solar radi-
ation [103]. In addition, the absorption coefficient of the suspension in the
infrared region remains the same as that of the base fluid. Nanoparticles had
been also incorporated in the structure of selective solar absorbers as nano-
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FIGURE 12.
The VIS-NIR diffuse reflectance spectra of the solid silica and Cg/silica modified materials

metal-ceramic (cermet) or metal-semiconductor composites types [104]. NiO
[105], Cr [106] or Co [107] pigmented porous alumina is a well-known selec-
tive absorber due to its high absorbance and low emittance. In the speciality
literature were also reported different deposition materials from cermet class
like Pt-Al,O5 [108], Ni-Al,O5 [109], Mo-Al,O5 [110], W-AIN [111], Au-
MgO [112], Cr-Cr,05 [113], etc. Nano-cermet materials can be used in the
conversion of solar energy because they absorb very well the solar radiation
(usually in visible) due to their quantum confinement effect also known as
surface plasmon resonance phenomenon (SPR) met in the collective oscilla-
tions of conduction electrons from noble nanoparticles (Ag and Au) incorpo-
rated in a dielectric matrix [114]. The matrices used for Ag are SiO,, ZnO,
Bi,0;, DLC, SisN,, BN, WO;_,Al,O5 [115-117]. The optical properties of
nano-cermets are dependent on the size, concentration and distribution of the
particles and the dielectric properties of the host matrix [114].

Solar collectors improved with metal nanoparticles, already existent in
present on the market, are restrictive as colours, only shades of black and
grey. In this context, using Au or metallic oxides nanoparticles based solar
absorbers might overcome this drawback leading to absorbent materials with
diversified colours [118]. In this direction, coloured solar selective coatings
based on embedding Fe,0;, V,05 and CuS pigments on an alumina matrix
were synthesized by spray pyrolysis deposition [119]. The effects of gold
nanoparticles and of the TiO, anti-reflective thin film on the optical properties
of the layers show that various red, green-yellow and dark green colours can
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FIGURE 13
Preparation scheme of microemulsion systems applied as templates for the synthesis of DNA-
silica materials. Courtesy of I. Rau, University Politehnica of Bucharest [12],

be developed as absorbers coatings with spectral selectivity up to 12. By add-
ing gold nanoparticles, depending on the precursor type, the growth is uni-
form — embedding the NP in the layer, or preferentially runs on the NP, as for
V,0s; thus by, adequately matching the Au-NPs surface charge with that of
the precursor represents a proper way for optimizing the composite structure,
towards enhanced spectral selectivity.

4.1.2. Biosensors
Biosensors are composed of biological molecules, such as antibodies,
enzymes, carbohydrates and nucleic acids whose role is to identify and track
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FIGURE 14

AFM micrograph (a) and surface profiles (b) of the DNA-silica thin films prepared by using the
Water/TX-114/Pinus Oil as template (5000X5000 nm). Courtesy of I. Rau, University Politehnica
of Bucharest [12],
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the progress of any biological phenomenon of interest. Hydrogen bonding
interactions, and ionic exchange between the ligand and receptor molecules
coupled to different analysis techniques, such as colorimetry and fluores-
cence, are used for the detection of specific biochemical events. Biosensors
are applicable in various fields: food industry to monitor the presence of
pathogens in foods and avoiding food poisoning; environment, to detect pol-
lutants and pesticides; medicine for the detection of viruses, bacteria and tox-
ins, for measuring blood glucose levels.

Gold nanoparticles (AuNPs) have various applications due to their ability to
provide a stable immobilization of biomolecules retaining their bioactivity, which is
a major advantage for the preparation of biosensors [120]. They allow the direct
electronic transfer between the redox proteins and the electrode material, and have
the advantage of the absence of additional detection mediators. Additionally, they
have a good biological compatibility and excellent conductivity. AuNPs used as
useful interfaces for some redox electrocatalysis processes including O,, H,0O,, or
NADH species are present in many significant biochemical reactions. The electro-
chemical and electrocatalytic behaviour of a gold electrode modified by positively
charged gold nanoparticles and L-cysteine film and an excellent response toward
the oxidation of biomolecules such as ascorbic acid, dopamine and hydrogen per-
oxide was reported [121]. A potentiometric immunosensor built by means of self-
assembly and opposite-charged adsorption techniques to immobilize gold
nanoparticles and hepatitis B surface antibody on a platinum electrode for the detec-
tion of hepatitis B surface antigen was also reported [122]. Escosura-Muniz et al.
[123] proposed an electrocatalytic device for specific identification of tumor cells
through AuNPs quantification. The final detection takes into account the catalytic
properties of AuNPs on hydrogen evolution for specific cell identification with a
detection limit of up to 4000 cells. Combining the detection platform with various
surface functionalized nanoparticles, further applications are possible for biomedi-
cal diagnosis. The additional use of magnetic nanoparticles can facilitate the signal
amplification for DNA or protein detection in [124, 125].

Thiol functionalized AuNPs prepared using microemulsion assisted pho-
toreduction procedure showed a good electrocatalytic response towards
hydrogen evolution reaction in acidic medium [126]. A very good linearity of
the cathodic current at a certain applied cathodic potential (of -1V vs. Ag ref.)
against gold nanoparticles concentration has been determined for thiol func-
tionalized AuNPs using sodium 3-mercaptopropane sulfonate. The obtained
results are a good premise to develop further an easy-to-use biosensor for the
identification and quantification of targeted metallic NPs toward specific cells
(e.g. blood circulating inflammatory cells and tumour metastatic cells).

The advantages of using nanoparticles versus classical formulations are
numerous, such as: ensuring better protection of biological induced degrada-
tion, increased bioavailability, and intracellular penetration. By applying
nanotechnology increases efficacy, specificity, tolerability and therapeutic
index of active substances.
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4.2. Application of inorganic and hybrid functional materials

4.2.1. Photocatalysis field

Heterogeneous photocatalysis is a process that involves the irradiation of a
metal semiconductor to produce photo-excited e (e) and positively charged
holes h* (h). The photo-excitation of semiconductor particles by light irradia-
tion with a higher energy than its electronic band gap generates excess elec-
trons in the conduction band (e",) and an electron vacancy in the valence band
(h*,;). These photo-generated electrons and holes migrate to surfaces which
participate in redox reaction generating reactive species such as hydroxyl radi-
cals. The photogenerated electrons and holes recombine with release of pho-
tons, the recombination process has a faster kinetics than surface redox reaction
and reduces the quantum efficiency of photocatalyst which represents a major
drawback of the process.

This problem can be solved by the encapsulation of pre-synthesized metal
oxide nanoparticles in silica support (microemulsion assisted sol-gel pro-
cess); the high porosity of amorphous silica materials offers the three dimen-
sional space required for incorporating inorganic or organic nanoparticles,
which allows the components inside silica matrix to preserve their original
optic and magnetic properties.

Several studies reported the application of metal oxide (NiO) and organic
(Cgp) nanoparticles incorporated in silica matrix for the photodegradation of
cationic dyes (Crystal Violet, Methylene Blue) from wastewater [13, 15,
127]. For example, the aqueous solution of cationic Crystal Violet dye was
degraded by Comanescu et al. in the presence of photocatalyst NiO-SiO, in
21 minutes under UVC (A = 254 nm) light irradiation with a 30 % efficiency
(Figure 15) [13]. In the case of aqueous solution of Methylene blue dye the
photodegradation occurs in 6 h under UVA (A = 365 nm) light irradiation, the
efficiency of this process being 81 % [15]. Bors et al. [127] demonstrated that
Fullerene modified silica particles (Cg,-SiO,) exhibits photocatalytic activity
under UVC and VIS light irradiation domains. The photodegradation of
Methylene Blue takes place with 85 % and 40 % efficiencies under UVC and
VIS light irradiation, respectively (Figure 16).

In addition to the catalysis applications, the nanocrystalline monomodal
NiO prepared by microemulsion assisted sol-gel process can be also considered
as a potential candidate for a multitude of applications, such as battery cath-
odes, electrochromic films, p-type transparent conducting films, magnetic
materials, gas sensors, active optical fibers, solid oxide fuel cells electrodes.

4.2.2. Optical field

The investigation of nonlinear optical (NLO) properties of DNA-silica matrix
(organic-inorganic) hybrid materials are of substantial interest in terms of creating
low-temperature technology for optical fiber production, as well as for other impor-
tant photonic applications. Silica is an excellent matrix for hybridization with func-
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tional molecules and nanomaterials which can provide the necessary optical
propetties in order to match the requirements of specific photonic applications.

The fluorescent dye (such as Rhodamine B) can bind to double helical
DNA (Figure 17) by intercalation or groove binding, reducing the fluores-
cence quenching caused by aggregation or the rate of the nonradiative transi-
tion from the excited state as shown by Sahraoui et al. [128].

The NLO properties of DNA-silica materials were analyzed by THG
Maker fringes technique (Figure 18). The samples have been found to be
THG efficient, while the nonlinear optic signal was highly dependent upon
the incidence angle of of the laser beam with respect to the sample.

SUMMARY

Microemulsions are a unique class of colloidal systems having novel proper-
ties because of their high degree of dispersion, their very low size and good
enough potential to control the chemical reaction.

Comprehensive information and tools required for the design and synthe-
sis of inorganic and hybrid silica-based nanomaterials, nanoparticles or films,
using silica-microemulsion templates, are provided by the present work.
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FIGURE 15

The absorption spectrum of crystal violet (10 mg-L™") aqueous solution with NiO/SiO, NP. Cour-
tesy of A. Comanescu, University Politehnica of Bucharest [13],
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FIGURE 16

Effect of contact time on adsorption (a) and photodegradation of MB (b) on Cgy/SiO,. Courtesy of
A. Bors, National Institute for Research & Development in Environmental Protection [127],

The microemulsion assited sol-gel technique has some important
strong points as: (i) the suitability for hybrid silica nanomaterials synthe-
sis using microemulsion to enhance the solubility of hydrophobic active
compounds and to provide a readily controlled, stable medium for the
solubilized components, together, perhaps, with protec-tion against deg-
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FIGURE 17

Fluorescence spectra of rhodamine-silica thin films in absence/presence of DNA. Courtesy of B.
Sahraoui, University of Angers [128],
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FIGURE 18
An example of the THG Maker fringes signal as a function of the incident angle in the case of
the silica-Rh and silica-DNA-Rh system. Courtesy of B. Sahraoui, University of Angers [128],

radation; (ii) the possibility to control the composition, size and shape of
nanoparticles and to avoid their aggregation, resulting into a high degree
of homo-geneity and monodispersity of the final material; (iii) the mini-
mization and/or managing by-products by replacing multistep processes
by direct schemes, reducing effluents (solvents) and processing the final
materials as films, all of them being in agreement with the Green Chem-
istry concept.
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