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FOREWORD

What is nano? For an ordinary person, this is something quite small, minuscu-
le, out of our perception... but it seems possible to imagine right now thanks to
science-fiction movies. Nevertheless, to comprehend this, it is necessary to talk
about nanoscale, which is a way of measuring things whose length is of the order
of a few nanometers, being a nanometer a one billionth part of a meter. This is
not a different world, it is just our world observed with a different point of view
(and some different rules, of course), allowing us to understand how this world is
built, and how we can rebuild it -and rebuild us- to improve it. Something similar
happened before in 1667 when Leeuwenhoek reported the first detailed descrip-
tion of protists and bacteria living in the previously unknown microcosmos.

For the Instituto Politécnico Nacional of Mexico, the Nanoscience and
Micro Nanotechnology Network (NMN Network) has a relevant role in the
study and development of this kind of technology, which is intended to become
a major element of our national industry in the next years. The NMN Network
has as its main objectives to conduct basic and applied research in nanotechnolo-
gy and nanoscience as well as to promote the training of postgraduate students
of the highest level who will join the industry in the very near future.

The book Research Advances in Nanosciences, Micro and Nanote-
chnologies Volume IV compiles the latest scientific works developed by the
members of the NMN network, covering multiple applications in different
branches of science. Like its predecessors, the book’ contributions stand out for
in the originality and the scientific rigor with which various topics are addressed
from the perspective of nanosciences and nanotechnology. Throughout several
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chapters, the authors deal with distinct items where nanotechnology can offer
new insight into the possible solutions to some unsolved problems like cancer,
food quality, and conservation, energy conversion, generation of hydrogen, me-
chanical improvement of materials, etc.

The book is organized in five great areas: Health; Food; Energy; Environ-
ment; and Semiconductors and Materials.

In the first section, referred to as the Health Area, four topics are dealt
with: the effect of particle size and polydispersity index on the design of the
nanostructured lipid carriers for cancer treatment; the design of nanomaterials
to improve the mammography images for a breast cancer diagnosis; the thermal
study of nanocomposites seeking its application in medical studies; and the nu-
merical simulation of biosensors and microfluidics.

In the second section, addressed to the Food Area, the authors develop three
topics: for the first one, they studied the influence of the addition of organic
compounds in obtaining gelatin nano-fibers; in the second, they analyzed the
effects of nano-coatings on tomato quality during storage; the third topic concer-
ns the effectivity of nano-encapsulation of riboflavin in biodegradable polymeric
matrices when they use nano-spray drying.

Concerning the Energy Area, other members of the NMN Network have
focused in four different items: the use of metal nanoparticles for energy con-
version based on glycerol electroxidation; the exploration of water oxidation
reaction through the incorporation of iron blocks into laminar hydroxides of
iron and nickel; the evaluation of the structural properties of the solid state of
fuel cells; and the hydrogen’s photocatalytic generation using titanium and bis-
muth oxides.

The fourth section: Environment, is a unique chapter that focuses on stud-
ying the influence of the chemical structure of organic compounds in organogel
formation for the removal of organic solvents.

Finally, the last section is dedicated to Semiconductors and Materials,
with two chapters: the first one studies the reliability of flexible amorphous In-
Ga-Zn-O (a-1GZO) thin-film transistors, while the second chapter shows an
evaluation of the mechanical stability of the superhydrophobic nano-coating for
buildings materials application.
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I am sure that the contributions of this book, made by polytechnical resear-
chers of the highest level, will be added to the host of solutions that are being
developed worldwide to solve some of the major problems that afflict human
beings with a different vision, but also to open the way for new investigations
into unsuspected nano cosmos that we still do not know, but that has undoub-
tedly always been there.

We hope you enjoy reading;

Dr. Norberto Dominguez Ramirez
Coordinador de Operacion y Redes de Investigacion y Posgrado
Secretarfa de Investigacion y Posgrado Instituto Politécnico Nacional
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Abstract

Cancer is a global health problem with high incidence and mortality rates,
to address this problem various strategies are being developed. The use of na-
nosystems for the targeted delivery of anticancer drugs used in chemotherapy is
a strategy that has attracted a lot of attention because it promises to improve the
efficacy of cancer treatment and reduce side effects, which may have a significant
impact on the reduction in cancer mortality.

In the design of anticancer drug delivery nanosystems, aspects such as the size
of the particles, the chemistry of their surface, the specificity with which they re-
lease the drug at the tumor site and the drug loading capacity, are fundamental to
predict the treatment success. Understanding the effect of process parameters that
determine the size and stability of drug delivery nanosystems is a major work.

Within drug delivery nanosystems, lipid-based systems have achieved wide suc-
cess in their clinical application. Lipid particles include micelles, liposomes, solid
lipid nanoparticles, and nanostructured lipid carriers. The latter are relevant becau-
se they provide greater stability and loading capacity of the drugs than the former.

Therefore, in this work a statistical study was developed to identify the sig-
nificant variables that affect the size and the polydispersity index, seeking to
obtain the conditions to develop nanostructured lipid carriers with small sizes
and narrow size distributions. A robust analysis was performed using experimen-
tal designs, to provide a basis for the development of these nanosystems with
specific sizes (less than 100 nm) with the aim of increase the particle penetration
and drug accumulation in the tumor zone for future applications in anticancer
drug delivery.

Keywords: cancer, nanostructured lipid carriers, experimental design.
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1. Introduction

In the last century, cancer has significantly contributed to the decrease in
life expectancy and represents the main cause of death in most countries [1, 2].
Cancer is one of the most important global health problems, in fact, the World
Health Organization (WHO) in 2020 indicated that 18.8 million new cases were
diagnosed, and 8.97 million deaths associated with this disease were reported
[3 — 5]. Cancer, which is the name given to a group of diseases that share similar
features, where the main characteristic is abnormal and uncontrolled growth of
cells, can occur in almost any type of tissue. There are known more than 100
types of cancers [3]. Breast cancer and lung cancer are the main cause of death in
women and men, respectively. A statistical study published in 2021 showed that
of the 9.2 million cases of cancer in women (which includes all types) 24.5 % oc-
cur in the breast. A worldwide increase in cancer patients is expected in the next
50 years and an incidence of more than 34 million cancer cases is predicted for
2070 [2]. Researchers around the world have been working hard to protect hu-
manity from numerous diseases [0, 7]. Although the advances in medicine have
been significant in the last decade and have led to the improvement of existing
treatments and the development of new strategies against cancer such as; targe-
ted therapy [8 — 10], chemoradiation [8], vaccine therapies [8], immunotherapy
[7, 9, 11, 12], fecal microbiota transplantation [13], archaeal-derived biological
nanocarriers [14], infrasound [15], microbiome-associated therapy and host-host
relationship [16], RNA (siRNA, miRNA) therapy [17, 18], bacteria-based cancer
therapy (BBCT) [19] and cancer treatments based on hyperthermia [20], the ad-
ministration of free chemotherapeutic drugs is the most widely used therapeutic
alternative for the treatment of cancer.

Chemotherapy still shows inherent problems, for example, some drugs have
very low solubility due to their bulky polycyclic nature (paclitaxel, etoposide,
and docetaxel), which prevents them from hydrogen bonding with water [21,
22]. The poor solubility of drugs limits their bioavailability and reduces the
efficacy of cytotoxic treatments. On the other hand, some molecules used as
chemotherapeutics are unstable in the gastrointestinal tract and have very low
permeability through the intestinal epithelium [22, 23] making them not viable
for oral administration. New drugs under development such as 4-(N)-doco-
sahexaenol 2’,2’difluorodesoxycytidine show strong antitumor activity z vitro and
in vive in aggressive cancer models (e.g.,, pancreatic cancer, breast cancer, lung
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cancer, and leukemia), but its clinical application has been limited due to its high
instability in the intestine when it is administered in its free form [23, 24].

Similarly, Taxol® (paclitaxel) and Adriamycin® (doxorubicin) are drugs that
have required chemical modifications to increase their solubility in water in order
to be administered in therapeutic doses [22, 25]. Cancer treatments based on the-
se drugs are not specific and generate side effects [26]. Sustained administration
of paclitaxel may cause severe hypersensitivity [27, 28], immunosuppression-re-
lated bacterial infections [29], neurotoxicity, haematological cytotoxicity (mainly
decreased blood neutrophil count) [30], myalgia [28, 31] and cardiac toxicity. In
addition, prolonged use of chemotherapeutic agents can lead to multidrug resis-
tance (MDR), which can greatly compromise treatment success [2, 32].

Alternative strategies for targeting drugs that avoid side effects are necessary.
In this area, nanotechnology has been explored for anticancer drug delivery to
the tumor site. Nanotechnology is the name given to the sum of those technolo-
gies applied in different areas of science and engineering that allow changing the
properties and characteristics of materials at molecular and atomic levels [33, 34].
The sizes considered in nanotechnology should be 1-100 nm. These sizes give
materials unique properties (optical, electrical, magnetic, etc.) that can be used in
fields such as electronics and medicine [35, 36]. In general terms, nanomedicine
can be defined as the branch of medicine that makes use of the knowledge and
tools of nanotechnology for the prevention, diagnosis, delivery of drugs, repair,
and regeneration of biological systems, as well as the monitoring and treatment
of diseases through imaging technologies [37 — 40].

Based on their shape, nanomaterials can be classified as 0D (fullerenes, na-
nowires), 1D (nanotubes, carbon nanofibers), 2D (graphene, nanofilms) and 3D
(nanostructured materials, nanocarriers) [41 — 44].

In nanomedicine, chemotherapy drugs are delivered into the body using 3D
structures known as nanocarriers. Nanocarriers are used for the encapsulation,
transport and targeting of drugs towards the tumor site [38]. Nanocarriers are
synthesized from a large number of organic or inorganic precursors, the most
popular are: polymeric nanoparticles, lipid nanoparticles (LNPs), hybrid poly-
mer/lipid nanoparticles, carbon nanomaterials, among others [40, 44].

Lipids are amphipathic biomolecules, generally insoluble in water, non-toxic,
biocompatible and biodegradable [45 — 47]. Thus, lipid-based nanocarriers have
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been widely applied in nanomedicine; particularly, LNPs offer great potential for
drug targeting. LNPs include a set of different spherical structures that surround
an internal aqueous compartment. In recent years, two groups of LNPs with
great therapeutic potential have been developed by combining advantageous pro-
perties [47], these are solid lipid nanoparticles (SLLNs) and nanostructured lipid
carriers (NLCs) (Figure 1) [48, 49].

SLNs and NLCs are composed of a lipid that is solid at room temperature
or a mixture of lipids (solid and liquid) respectively (Figure 1). These nanopar-
ticles generally undergo safe biodegradation [50]. The molecules that make up
SLNs and NLCs have minimal influence on the extracellular and intracellular
environment due to their chemical and physical similarity to the cell membra-
ne components. These molecules also allow a controlled release of biological
compounds [49]. SLNs and NLCs have a low average size (according to the
method of synthesis) which allows them to simply flow in the blood avoiding
uptake by the reticuloendothelial system (RES). SLNs and NLCs can be modified
with various targeting molecules, including peptides, growth factors, aptamers,
antibodies, and other small molecules that help them to increase their specificity
towards cancer cells [48].

Solid Lipid Nanoparticles Nanostructured Lipid Carriers
SLNs NLCs
[ |
Type 1 Type 2 Type 3
“Imperfect” “Amophous” “Multiple”
L o
° ° .
° ® e o () L
@ L ®, ® ®
® ° [ ] . .
s . . ° 9. [ ]
= = X e = y (] [ ' °
°
. & = ° e ¥ e '
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Solid Lipid
M Drug
Liquid Lipid

Figure 1. A schematic illustration of Solid Lipid Nanoparticles (SLNs)
and Nanostructured Lipid Carriers (NLCs).

SLNs have the potential to be exploited as drug delivery systems, however,
they present a drawback: the crystallinity of the matrix formed within them,
caused by the perfect ordering of a single solid lipid, affects the entrapment capa-
city of the drug, and the chemotherapeutic agent internalized within the matrix
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can become expelled from the nanoparticle quickly [49, 50]. As an alternative to
SLNs, NLCs were developed; the presence of liquid lipids in the NLCs results in
a non-perfect and amorphous network [46 — 51], given the presence of a liquid
phase and the disordered structure, there is greater accumulation of the drug in
the particle and the encapsulation and load capacity are improved [51].

The lipid mixture, the aqueous phase and the emulsifying agent constitute
the main components in the synthesis of NLCs [52]. Low costs, low toxicity and
sterilization capacity prior to its medical application are the main properties that
materials must have for their use in the manufacture of nanocarriers. In general,
the selection of lipids depends on their physiological tolerance, the structure,
the solubility of the drug and the miscibility between the mixture of lipids. For
the selection of lipids, it must first be considered that these are in the category
of molecules generally recognized as safe (GRAS) [53], that is, that they do not
produce toxic effects in the concentration employed. In addition, it is imperative
to determine the solubility of the drug in the lipid mixture [54]. Triglycerides [55,
506], steroids (cholesterol) [57], waxes [52] and fatty acids [56], among others [58]
are lipids commonly used to obtain NLCs.

Surfactants are chemical agents that reduce the surface tension between the
lipid phase (organic phase) and the aqueous phase during the production of na-
noparticles. These molecules are used as single agents or as mixtures and help to
stabilize the lipid dispersion in the aqueous phase. [57, 59]. Some examples of
surfactants widely used for lipid nanoparticles formulation include pluronic F68
(poloxamer 188), polysorbates (Tween), polyvinyl alcohol, and sodium deoxy-
cholate (hydrophilic surfactants used in the synthesis of LNPs) [60].

In the last two decades, various techniques have been developed for the syn-
thesis of NLCs, including: high-pressure homogenization (hot and cold) [61,
62], solvent diffusion [63], solvent emulsification-evaporation [64]|, emulsifica-
tion sonication [65], microemulsion [66] and solvent injection [67]. The solvent
injection method has been useful and more widely used, due to its easy handling
and fast production speed, in addition to not requiring sophisticated or robust
equipment during the process [52]. Using this technique, it has been possible to
obtain particles of 64.00—440 nm [68 — 70]. However, there is not a complex
study that analyzes the effect of the factors that influence the synthesis of NLCs
to predict the particle size (PS) and obtain different particle sizes with the same
composition and synthesis method.
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The therapeutic effect of NLCs and nanoparticles in general is closely rela-
ted to their composition, size, surface charge, and route of administration [21
— 23]. Initially, the design of nanodrugs was based on the enhanced permea-
bility and retention effect (EPR) [71]. The EPR indicates that, in solid tumors,
there is a formation of amorphous blood vessels with high permeability of
plasmatic components due to the uncontrolled cell growth and the high nu-
trients demand; this, together with the poor drainage of waste components
by the lymphatic system, allows that nanoparticles can easily leak through the
capillary openings and reach the tumor stroma; so that, they can accumulate at
the tumor site passively [72].

NLCs are highly relevant, and since 2017 more than 200 articles on this sub-
ject are published in PubMed annually [73]. The significant increase in the use
of these nanoparticles suggests the great potential of NLCs for the treatment
of cancer [74 — 79]. Despite the large number of publications, few pharmaco-
logical developments based on NLCs are in the final stage of clinical studies for
application in humans, in most of them the particle sizes are >100 nm [68 — 70].
For large PS, the passive diffusion process established by the EPR is not the
mechanism that promotes the accumulation of particles at the tumor site and
other processes such as extravasation and active diffusion (which requires energy
expenditure) [80] could be more relevant to enhance the accumulation of nano-
particles at the tumor site. Multiple physiological barriers [22] are involved from
the administration of the nanodrug in the bloodstream to its internalization in
the cancer cell.

As previously mentioned, the chemical composition and PS are factors that
influence the accumulation of nanoparticles at the tumor site. It is still neces-
sary to study the behavior of particles with sizes <100 nm, since most of the
investigations focus on PS >100 nm, where the EPR effect has no relevance
for the accumulation of NLCs [73 — 79]. To obtain small nanoparticles, which
may be useful for the study of accumulation in tumors, the DoE Design of Ex-
periments turns out to be a powerful tool for optimizing the synthesis process
evaluating multiple factors [81]. DoE is a structured and organized method to
determine the relationships between the factors that affect a process and its
output [82]. The use of an experimental design will make it possible to obtain a
useful model consciously and accurately for the formulation of particles <100
nm, which can be evaluated in vitro and in vivo with passive accumulation in

the tumor site.
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2. Materials and methods
2.1. Materials

The lipid mixture of the organic phase is composed of 18-carbon phospho-
lipids, stearic acid and oleic acid (Figure 2). Stearic acid (C18, 93661C18H3602
MW:284.48 ¢g/mol, Tm 71 °C, 97 % putity) and oleic acid (C18, 453036/1
12803315, C18H3402, MW:282.47, p=0.89 g/ml) were purchased from
FlukaTM. Ethanol was used as solvent in the organic phase. Polysorbate 80/
Tween 80 (Hycel 9005-65-6) was used as surfactant. The aqueous phase use PBS
phosphate buffer solution as solvent.

O
A HDWWV
Oleic acid
0]

R N N N NN
HO

Stearic acid

Figure 2. Chemical structure of the lipids used for the synthesis of NLCs.
A) Liquid lipid (oleic acid) and B) Solid lipid (stearic acid).

2.2. Synthesis of NLCs by solvent injection

To obtain the NLCs, the solvent injection method, reported by Scubert ¢z 4.
was used (Figure 3) [67], with some modifications. This method employs two
phases, organic phase (lipid mixture in ethanol) and aqueous phase (surfactant
in PBS).

The organic phase was prepared by heating ethanol (solvent) to 70 °C with
indirect heat, stearic acid was added to the hot solvent and stirred for 15 min
avoiding evaporation. The oleic acid was integrated when the solid lipid was
completely dissolved, and it was kept stirring for 30 min. The aqueous phase was
prepared by dissolving the necessary amount of surfactant in PBS phosphate
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buffer (pH adjusted) at 40 °C and kept warm until synthesis. For the synthesis,
the organic phase was rapidly injected into the aqueous phase under high agi-
tation and at high temperature, using a syringe. Subsequently, the nanoparticles
were kept stirring (5-15 min). The resulting suspension was sonicated at 70 %
powet, 45 kHz, for 15 min at 45 °C. The nanoparticle solution was kept at 25 °C

for storage.

INDEX USING EXPERIMENTAL DESIGN

2.3. Measurement of particle size and polydispersity index

Particle size (PS) and polydispersity index (PDI) determination was perfor-
med by dynamic light scattering, using a Zetasizer Nano ZS series equipment
(Malvern Instruments, USA), after appropriate dilution with PBS. The sample

volume was constant (i.e. 1 mL).

Organic phase

¢ Ethanol

¢ Oleic acid
«  Stearic acid

Rapid injection using a needle

Aqueous phase
*  Tween 80
<« PBS

!
!
L

1|

e
Wil

Agitation

Drops with high lipid
concentration

40 °C —170°C
1200 rpm

A
A

NLCs synthesis

Figure 3. Solvent Injection Method. Obtaining NLCs by injecting a mixture

of lipids at high speed in an aqueous phase at high temperature and stirring,
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2.4. Design of Experiments (DoE)

As previously mentioned, DOE is an appropriate tool for the identification and
optimization of critical parameters that interfere in a process [58]. For the selec-

tion, evaluation, screening, and optimization of the critical factors during the NLC

synthesis, a structured study was carried out as shown in Figura4. First, the design

factors were identified using a single factor design. A second step using a screening

design allowed irrelevant factors to be discarded during the synthesis process. Sub-

sequently, a full factorial 2° design was useful to identify the presence of curvature

in the process. Afterwards, a Box-Behnken quadratic model was carried out for the

optimization of the process and obtaining a mathematical model for the prediction
of the PS and PDI (when the values of the optimized variables were modified). All
statistical analysis were performed using Design expert 11 software.
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Figure 4. Flow diagram of DoE for the optimization of PS and PDI in

obtaining NLCs using the solvent injection method.



NANOSTRUCTURED LIPID CARRIERS FOR CANCER TREATMENT: 25
EFFECT OF PROCESS PARAMETERS ON PARTICLE SIZE AND POLYDISPERSITY
INDEX USING EXPERIMENTAL DESIGN

2.5. Selection of factors and operating ranges

The operating ranges of the design factors were selected based on the effect
on PS and PDI, using a single factor experimental design. The variables analyzed
were the pH of the aqueous phase (pH), percentage v/v of surfactant (%otween
80), synthesis temperature (T), ratio of liquid lipid/solid lipid in the organic pha-
se (I/L), total lipid concentration (L)) and percentage of the organic phase in
the final volume of synthesis (V). The stirring speed (v ) and stirring time (t )
during the synthesis were not analyzed in this first phase of the study.

The evaluation of the pH effect was carried out by adjusting the pH of the
buffer solution in the range of 3-11 using NaOH and 1.0 M HCI. The synthesis
of NLCs was carried out in a range of 30-70 °C for the assessment of the in-
fluence of the temperature on the PS and PDI.

Different solutions (Table 1) for %V_ were prepared for the estimation of this
factor on the PS and PDI.

Different concentrations of total lipids were evaluated (15, 20, 25, 30 and 35 mg/mL)
during the preparation of the nanoparticles. To study the influence of surfactant
concentration, different levels of Tween 80 in the aqueous phase were studied: 2 %,
3%, 4 % and 5 %. It has been observed in previous works that a higher proportion
of liquid lipid in the lipid mixture improves the stability of the NLCs [78, 83-86].
To evaluate this factor, the organic phase was prepared with a final concentration

Table 1. Experimental design for the evaluation of the effect of V_(%) in the
synthesis of NLCs.

Otganic phase percentage (V%) 10 % 20 % 30 % 40 % 50 %
Organic phase
Ethanol (mL) 2.50 5.00 7.50 10.00 12.50
Oleic acid (uL) 22.50 22.50 22.50 22.50 22.50
Stearic acid (mg) 30.00 30.00 30.00 30.00 30.00
Aqueous phase
PBS (mL) 22.50 20.00 17.50 15.00 12.50
Tween 80 (mL) 1.00 1.00 1.00 1.00 1.00
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of total lipids equal to 20 mg/ml., making variations of the proportion of oleic
acid from 30 % to 70 %. When one factor was analyzed, the remaining factors were
kept constant as indicated below pH=3, %Tween 80=3 %, T=40 °C, I /1. =70 %,
L.=20 mg/mlL, %V = 10 %, v_1200 rpm and t 10 min.

2.6. Screening of significant variables by Plackett-Burman design
of experiments

Plackett-Burman is a screening design that evaluates and discards irrelevant
experimental factors with a minimum of formulations and experimental runs
during process optimization [87]. This step is important to eliminate factors that
do not significantly affect the response variables. An experimental design of Fil-
tered Plackett-Burman was proposed (Table 2) for the evaluation of the most
significant variables during the synthesis of NLCs. Here, the proportion of oleic
acid in the lipid mixture (I,/I, =70 %) and the percentage of the organic phase
(%V =10 %) were kept constant in all the experimental runs. Design factors and
operating levels are shown in Table 3.

Table 2. Plackett-Burman experimental design runs for screening the significant
independent variables affecting PS and PDI during NLCs synthesis.

Run | Y%tween IL pH T v, t PS PDI
(o) | (mg/mL) - (°Q) | (@pm) | (min) | (nm) -
1 4 25 3 70 1200 10 18.63 | 0.185
2 2 25 6 40 1200 10 84.69 0.207
3 4 15 6 70 800 10 11.19 0.158
4 2 25 3 70 1200 5 197.17 0.601
5 2 15 6 40 1200 10 11.01 0.225
6 2 15 3 70 800 10 20.15 0.183
7 4 15 3 40 1200 5 14.35 0.115
8 4 25 3 40 800 10 18.00 0.159
9 4 25 6 40 800 5 14.70 0.266
10 2 25 6 70 800 5 61.82 0.202
11 4 15 6 70 1200 5 12.10 0.163
12 2 15 3 40 800 5 127.17 1.000
13 3 20 4.5 55 1000 7.5 15.45 0.146
14 3 20 4.5 55 1000 7.5 18.18 0.178
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Table 3. Level of independent factors selected in Placket-Burman design
for screening independent variables.

Factor Levels

D M
% Tween 2 4
L (mg/mL) 15 24
pH 3 6
T (°C) 40 70
v, (rpm) 800 1200
t (min) 5 10

2.7. Factorial design

After discrimination of non-significant variables, the concentration of total
lipids (L), concentration of surfactant (% tween 80) and pH of the aqueous
solution (pH) were selected for a 2° factorial design. The effects of the factors
were examined at two levels (+1 and -1) as shown in Table 4. The values of the
levels were selected based on the results of the previous analysis (Plackett-Bur-
man). For the experimental design process, nine different formulations were
prepared and carried out in triplicate (27 runs) (Table 5). Statistical analysis was
performed with Design Expert 11 software. For this design, the following fac-
tors were kept constant as indicated: pH=06, T=70 °C, L, /1. =70 %, %V =10 %
and v =1200 rpm.

2.8. Box Benhken quadratic design

After the system was characterized and the important factors were identified in a
reasonable and accurate way (Table 6), the next objective was optimization. Using an
optimization model, also called Response Surface/Box-Benhken (Table 7), levels +1,
0 and -1 were evaluated to obtain response surface plots and the mathematical
model that describes the effect of the significant factors in the response varia-
bles PS and PDI, related to the process of obtaining the NLCs. The software
was used to determine combinations of the factors studied to obtain NL.Cs of
different sizes.
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Table 4. Level of independent factors selected by screening method
for full factorial 2° design.

Factor Levels
-1 1
% Tween 2 4
L (mg/mL) 15 24
t (min) 5 10
Table 5. full factorial design 2° for robustness study.

Run % Tween 80 | t(min) | L (mg/mL) | PS (nm) PDI
1 2 5 15 117.6 0.333
2 2 5 15 110.7 0.529
3 2 5 15 108.9 0.501
4 4 5 15 16.08 0.154
5 4 5 15 16.18 0.17
6 4 5 15 16.05 0.146
7 2 10 15 107.3 0.459
8 2 10 15 112 0.313
9 2 10 15 100.7 0.313
10 4 10 15 18.41 0.238
11 4 10 15 18.25 0.236
12 4 10 15 16.29 0.144
13 2 5 25 108.8 0.274
14 2 5 25 110 0.349
15 2 5 25 114.5 0.297
16 4 5 25 21.26 0.241
17 4 5 25 19.26 0.172
18 4 5 25 19.7 0.18
19 2 10 25 125.8 0.261

20 2 10 25 131.4 0.283
21 2 10 25 131.5 0.334
22 4 10 25 19.79 0.193
23 4 10 25 19.47 0.192
24 4 10 25 19.3 0.192
25 3 7.5 20 32.44 0.294
26 3 7.5 20 32.33 0.302
27 3 7.5 20 32.16 0.301
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Table 6. Factor levels for Box Benhken response surface methodology.

Factor Levels
-1 1
tween % 1.5 4.5
L (mg/mL) 15 30
t (min) 5 15

Table 7. Experimental design matrix for Box-Behnken Response Surface methodology.

Run | Tween 80 (%) | t (min) erl“ﬁgg/ PS (nhm) PDI
1 1.50 5 22,5 104.20 0.420
2 4.50 5 22.5 15.39 0.186
3 1.50 15 22,5 92.00 0.300
4 4.50 15 22,5 14.66 0.166
5 1.50 10 15.0 29.61 0.510
6 4.50 10 15.0 13.75 0.170
7 1.50 10 30.0 116.00 0.406
8 4.50 10 30.0 21.36 0.307
9 3.00 5 15.0 70.23 0.122
10 3.00 15 15.0 15.34 0.225
11 3.00 5 30.0 95.25 0.693
12 3.00 15 30.0 132.00 1.000
13 3.00 10 22,5 18.41 0.164
14 3.00 10 22,5 17.66 0.240
15 3.00 10 22,5 19.32 0.249

3. Results and Discussion
3.1. Effect of independent factors on the synthesis of NLCs

3.1.1. Effect of the pH of  the aqueous solution on PS' and PDI during the synthesis of NL.Cs

As shown in Table 8, the PS of the NLCs obtained vaties from 22.8-3511 nm
with a PDI of 0.243 to 1.000 when NLCs were synthesized at pH 3-11. When
alkaline solutions (pH>pKa) were used, the PS underwent a significant increase,
related to the ionization state of the fatty acids in the synthesis medium. The
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lipids used in the mixture have an acidic character with pKa values of 10.15 and
9.85 for stearic acid and oleic acid, respectively [88]. When the lipids are in a me-
dium with a pH greater than their pKa, the molecules reduce the ionization state
and therefore the repulsion between them, thus causing a crystallization process
that results in the aggregation of the molecules and therefore in the increase in
PS [89]. Likewise, under alkaline conditions there is no uniformity in the particle
size (PDI 0.900-1.000) and a polydisperse solution is obtained. On the other
hand, acidic conditions of the aqueous solution (pH<pKa) produced a better
particle size distribution (PDI 0.243-0.270) and clearly the size of NLCs decrea-
sed (PS 22.68-31.37 nm) (Figure 5), which results convenient when we want to
increase stability and storage time, since it has been reported that larger particles
have less stability during storage time [55]. The pH of the aqueous phase is also
relevant when it is desired to integrate a drug into the nanocarriers, the pH condi-
tions will also influence the ionization of the drug and could increase or decrease
the solubility, which will be reflected in the efficiency of drug entrapment and
release [73, 90].
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Figure 5. Effect of the aqueous solution pH on
A) PS and B) PDI in NLCs synthesis. p<0.05, R?=0.97.

3.1.2. Effect of temperature on PS and PDI during the synthesis of NLCs

The effect of temperature on PS during NLC synthesis is shown in Table 8
and Figure 6. After statistical analysis, no significant effects were observed in the
different treatments (p<<0.05) and PS was in the range of 15.04-19.93 nm. The
highest PS was observed when the synthesis temperature was 30 °C and although
lower synthesis temperatures were not analyzed, it has been observed in previous
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Table 8. Evaluated factors by single-factor design during the NLCs synthesis.

31

Factor PS (nm) PDI
pH
3 22.68 £ 6.00 0.243 + 0.030
5 31.37 + 8.82 0.270 + 0.100
7 2871 £ 452 1.000 = 0.000
9 3511 £ 557 0.900 £ 0.172
11 1305 + 63.4 0.921 + 0.116
Temperature ( °C)
30 19.93 £ 7.40 0.160 % 0.026
40 16.17 £ 0.11 0.155 £ 0.005
50 15.61 £ 0.38 0.146 + 0.021
60 15.99 £ 0.54 0.189 + 0.008
70 15.04 £ 0.44 0.149 + 0.003
%Y,
10 16.67 £ 0.98 0.204 £ 0.035
20 21.55 £ 1.36 0.231 + 0.086
30 821 £ 651 0.621 + 0.344
40 4567 + 1146 1.000 £ 0.000
50 2867 £ 1218 1.000 = 0.000
L (mg/mL)
15 153 £ 1.32 0.136 £ 0.050
20 17.2 £ 0.08 0.199 + 0.080
25 17.85 £ 0.96 0.283 + 0.060
30 102.69 £ 14.78 0.383 = 0.081
35 125.30 £ 36.60 0.430 = 0.123
% tween 80
2 60.43 + 5.67 0.208 + 0.009
3 30.27 + 5.46 0.389 + 0.004
4 17.22 £ 0.26 0.510 + 0.019
5 16.44 + 0.36 0.218 = 0.003
% L/L
30 18.13 £ 0.90 0.194 + 0.007
40 17.98 =243 0.156 + 0.030
50 20.45 + 3.18 0.198 + 0.084
60 19.91 + 2.69 0.256 = 0.020
70 17.78 £ 0.96 0.203 + 0.019
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works [56] that PS increases when working at 20 °C. It is convenient to work at
temperatures higher than the melting point of the solid lipid used in the organic
phase mixture (stearic acid Tm=71 °C) [91], because, although it is not reflected
in the PS; the structure and morphology of the NLCs is affected and may not
be uniform. When working at low temperatures, the fast solidification and for-
mation of the lipid network during the formation of NLCs (when the organic
phase is rapidly injected into the aqueous phase) can cause low encapsulation of
the drug [65, 75] and produce particles of variable composition that will give less
stability to the particle suspension. Due to this, and because there are no differen-
ces between experimental treatments, the working temperature was kept constant
at 70 °C during the subsequent optimization phases.
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Figure 6. Effect of the temperature on A) PS and B) PDI in NLCs synthesis. p<0.05, R?=0.31.
3.1.3. Effect of %V on PS and PDI during the synthesis of NI.Cs

Different volumes of ethanol during the synthesis of NLCs were used to
study the effect of %V . As shown in Table 8 and Figure 7, the increase in %V,
results in a considerable increase in PS, but even more so in PDI, which drastica-
lly changes from 0.204 to 0.621 when the ethanol volume is increased from 10 %
to 30 %. The stability of NLCs (data not shown) is considerably affected and
percentages of 20 % ethanol led to the separation of the phases (organic and
aqueous) in less than 24 h. As suggested by Scubert ez a/. [67], it is crucial to avoid
exceeding the critical solvent/water ratio as this would result in coarser particles
with large PS.
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Figure 7. Effect of %V_on A) PS and B) PDI in NLCs synthesis. p>0.05, R*=0.88.

3.1.4. Effect of total lipid concentration (L) on PS' and PDI during the synthesis of NLCs

Consistent with previous research [77, 78, 85|, where the PS was considerably
affected in direct proportion to the amount of total lipids dissolved in the organic
phase, in this work PS increased from 15.3 to 125.30 nm (Figure 8) when lipid con-
centration increased. Harshad ef 4/ evaluated different levels of lipid concentration
achieving a decrease from 349.2 nm to 218.6 nm when working from a high level
to a low level of lipid concentration [77]. In this part of the process (evaluation
of independent factors) the lipid concentration varied from 15-35 mg/mlL. No
significant effects were observed at first treatments of 15 to 25 mg/mlL., however,
increases beyond 30 mg/mlL led to larger PS. These results can be attributed
to the increase in the viscosity of the organic phase, which makes it difficult to
break the lipid droplets formed when they are injected into the aqueous phase.
In the same way, these results suggest that the lipid concentration, as one of the
factors with greater ease of control, could be a critical factor for the optimization
of the process. Since the objective of the study is to obtain particle sizes <100
nm, the operating range of this variable for subsequent analyzes was established
at 15-25 mg/ml..

3.1.5. Effect of surfactant concentration in the aqueons phase on PS and PDI during the
synthesis of NLCs

Those NLCs prepared with the lowest concentration of surfactant (2 %
Tween 80) showed a considerably large PS (60.40 nm) compared to the rest of
the treatments (Figure 9). The gradual addition of Tween 80 results in smaller
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particle sizes [92]. The sizes of NLCs obtained are the result of the reduction of
the surface tension between the organic and aqueous phases, which inhibits the
aggregation of small droplets during lipid injection [93]. Increases of 4 % to 5 %
surfactant in the aqueous phase do not further reduce the particle size, however,
smaller sizes are not required in the process. For all the above, 4 %-2 % Tween 80
was selected as the operating range for the screening designs.

A) 200 B) 06|

150

E 8 03 o
E 50 !
ot
-50 0
T T T T T 1\5 210 2|5 3‘0 3‘5
L (mg/mL) L (mg/mL)
Figure 8. Effect of lipid concentration in the organic phase (L) on A) (PS) and
B) (PDI) of NLCs. p<0.05, R?=0.92.
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Figure 9. Effect of the surfactant concentration (%otween 80) on A) (PS) and
B) (PDI) of NLCs. p<0.03, R?=0.99.
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3.1.6. Effect of the percentage of liquid lipid in the mixture on the PS and PDI during
the synthesis of NLCs

In order to investigate the effect of the proportion of oleic acid in the lipid
mixture, 5 different oleic acid:stearic acid (30-70 %) formulations were prepared
(Table 8). Figure 10 shows that there are no significant changes in both PS and
PDI response variables between the treatments. The PS were from 17.98 to 20.45
with a PDI 0.156-0.256, indicating that the particles exist in a monodisperse so-
lution at all levels.

Previously, Chahinez e/ al., evaluated liquid and solid lipid variations in di-
fferent mixtures (triglycerides, short, medium and long chain phospholipids,
glycerols, etc.) [79], showing multiple effects in all of them, however, the results
of the study in medium chain phospholipids (MCF) are comparable with tho-
se obtained in this study (which uses two MCF), since there are no significant
changes in PS when the percentage of liquid lipid increases. Since there are no
significant differences in the response variables and since the high percentages of
liquid lipid in the mixture increase the stability of the nanocarriers, it was decided
to work with 70 % oleic acid in the subsequent experimental designs.

3.2. Plackett-Burman (PB) screening design

Plackett-Burman (PB) designs are filtering designs that involve a large number
of factors and relatively few experiments [87]. PB has been widely used for the
identification of the most significant independent factors affecting a process. A
total of 14 experiments were performed involving six independent factors as
shown in Table 2. The independent factors and their levels are shown in Table 3.
The selected response variables (PS and PDI) exhibit great variation suggesting
that the independent variables have a significant effect on them. The analysis of
variance (ANOVA, Table 9, Table 10) for both response variables confirms that
only some factors are relevant in the synthesis of NLCs. T and v_(p>0.05) do not
have significant effects during the synthesis of NLCs.

On the other hand, the surfactant concentration and the agitation time
(p<0.05) are really significant, and it is suggested that they are two of the factors
that govern the PS, which was verified in subsequent analyses. The statistics for
L and pH show different values in both ANOVAs and suggests that they may
not influence the PS. The screening analyzes are not used for the optimization
and obtaining of a mathematical model [87], but rather as a method of selecting
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variables for more robust methods, since in PB the effects of some factors may
be hidden by the alias formed between them [94]. For this reason, although L is
not significant in this part of the study, it was decided to include it in the factorial
designs, since previous tests (Section 3.1.4) [67, 76, 77, 85] have shown a signifi-
cant effect on PS, when there are variations in lipid concentration.

Table 9. DoE Plackett-Burman ANOVA for PS.

Source SS SM F-value p-value
Model 35284.07 5040.58 7.47 0.0209 significant
Yotween 14129.54 14129.54 20.93 0.006
L 3343.67 3343.67 4.95 0.0766
pH 3289.81 3289.81 4.87 0.0784
T 224.21 224.21 0.3321 0.5894
v, 611.33 611.33 0.9055 0.385
t 5760.14 5760.14 8.53 0.033
Table 10. DoE Plackett-Burman ANOVA for PDI.
S;r?ngéie SS SM F-value p-value
Model 0.6995 0.0874 6.6 0.0263 significant
Yotween 0.1402 0.1402 10.58 0.0226
L 0.0071 0.0071 0.5325 0.4983
pH 0.0988 0.0988 7.46 0.0412
T 0.0142 0.0142 1.07 0.3478
v, 0.0249 0.0249 1.88 0.2285
t 0.1419 0.1419 10.71 0.0221

3.3. Factorial design 2°

During the preliminary studies, three significant design variables were de-
termined: % tween 80, L. and v . A factorial design allows detecting possible
interactions between these factors [95], which may affect the NLCs synthesis
process. The factorial design is a much more effective tool to interpret and imple-
ment the results of the study of the process, considering simultaneous changes
in the parameters studied. The effects of % tween, L. and v_were evaluated on
the response variables PS and PDI using a 2 factorial design (Table 4, Table 5).
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24 experimental runs (8 tests in triplicate and 3 central points) were prepared and
the NLCs were synthesized by the solvent injection method.

As mentioned in previous works, the presence of a surfactant is necessary and
irreplaceable for the formulation of NLCs [55, 73, 90], but there is a limit that can
be used to avoid being irritant and toxic. For this reason, the objective of evalua-
ting its interaction with other process variables is to minimize the concentration
of tween 80. The results obtained were treated statistically by ANOVA and it was
determined that the design model is significant (p<<0.05) and is capable of descti-
be more than 99 % of the events that occurred for the PS (Table 11). Cleatly the
%tween 80 factor is the most significant during the synthesis of NLCs. Center
points were used in this design, since factorial designs assume that there is a linear
relationship between each X & Y. Therefore, if the relationship between any X and
Y shows curvature, a factorial design should not be used because the results may
not be reliable [96]. Then, the ANOVA (Table 11) concludes that curvature exists,
and it is necessary to use a response surface experimental design (RSM). Although
this design (factorial 2°) can detect curvature and predict some responses, an RSM
must be used to model the curvature and acquire a fitted mathematical model.

Table 11. ANOVA of factorial design 2°.

Source Sum of quares |Mean Square |F-value |p-value
Model 56925.88 8132.27 968.5 < 0.0001 | significant
Tween % 55985.5 55985.5 6667.48 | < 0.0001
t 70.66 70.66 8.41 0.0095
L 282.36 282.36 33.63 < 0.0001
(tween)* % () | 51.69 51.69 6.16 0.0232
(tween)* % (L) ]93.14 93.14 11.09 0.0037
O*@L) 183.15 183.15 21.81 0.0002
(tween)* %

O*0) 259.38 259.38 30.89 < 0.0001
Curvature 3141.88 3141.88 374.18 < 0.0001

3.4. Box-Behnken /Response Surface Method

The response surface method allows to evaluate a limited number of variables
at different levels with a small series of experiments [85]. This approach was used
selecting the experimental level for each variable based on the results of prelimi-
nary experiments. The surface and contour plots (Figure 10) show the interaction
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of different factors on PS. The influence of the factors investigated on the PS
using Box Behnken is shown in Table 7.

The ANOVA statistical analysis (Table 12), when the model was adjusted
eliminating non-significant interactions, confirms that the model is significant
(p<0.05) and that it can describe 97 % of the events. Table 7 shows that the PS
can vary from 13.75-132 nm, suggesting it to be an adequate model for obtaining
small particle sizes of NLCs useful in nanomedicine applications against cancer.

Analyzing the coded equation (Eq. 1), the most significant factor contributing
to the variation in PS was the concentration of tween 80, this is evident when ob-
serving the value of its coefficient. The %tween 80 factor shows a negative effect
on the PS, which translates into a decrease in the size value, thus being favorable
for obtaining smaller particles, necessary for this study, and a monodisperse solu-
tion of particles. The observation of the increase of the PS with the increase of
the concentration of lipids (L) in the organic phase had already been observed
in this study and in previous works [83 — 86]. This can be associated with the
observations presented in section 3.3.4, where the increase in the viscosity of the
medium, caused by the increase in the percentage of lipids, and the difficulty in
breaking the lipid droplets, is reflected in the particle size.

PS(nm) = 20.02- 34.58 Z, + 2946 Z,- 19.70 Z, 7+ 22.91Z, 7.+ 35.37 Z.2 + 23.98Z

Eq. 1

PS (nm)

Lipid concentration L (mg/mL)
PS (nm)

45

15 21 27 33 39 45

Surfactant (% tween) Lipid concentration L (mg/mL) 18 3 Surfactant (% tween)

Figure 10. Influence of investigated parameters on PS: (A) counter plot and
(b) surface plot p<0.0001, R’=0.97.
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Table 12. ANOVA of factorial design 2°.

Source Sum of df Mean F-value | p-value
Squares Square

Model 26526.01 |6 4421 41.44 < 0.0001 | significant
Yotween 9566.9 1 9566.9 89.68 < 0.0001
L 6943.13 1 6943.13 | 65.09 < 0.0001
(%otween) (L) | 1551.57 1 1551.57 | 14.55 0.0051
(v) @) 2099.47 |1 |2099.47 |[19.68  |0.0022
v? 4645.9 1 4645.9 43.55 0.0002
12 2136.65 1 2136.65 |20.03 0.0021

3.5. Optimization

The Design Expert 11 software was used as a tool to determine the values
of the different process factors, when a certain particle size is established. The
values for each factor when it is desired to obtain particles with PS of 20, 60 and
100 nm are shown in Table 13. The experimental results show that the model is
useful for predicting PS and PDI.

Table 13. Predicted and Experimental PS using RSM.

Tween (%)| v, (min)| L (mg/mL) I;r;(?::j)d Exg;rz:lr)ltal Pri:lli)clted ExpeliiDrr;ental
4.37 14.51 |23.13 20 19.25 £ 0.45 0.265 0.253 + 0.02
2.57 5.54 17.01 60 71.35 £ 4.50 0.246 0.136 £ 0.13
2.74 12.26 | 27.73 100 102.93 £ 2.19 | 0.481 0.426 = 0.01

When nanocarriers are used, the particle size is a determining factor in increa-
sing the efficacy of cancer treatments. Previous work has shown the importance
of particle size and distribution, for example, Caster ¢/ al., in 2017 [96] demons-
trated, by comparing 50, 100 and 150 nm particles in in vitro studies, that particles
with a size of 50 nm and a better size distribution between them can more easily
penetrate cells and carry out their therapeutic effect. A small particle size allows
to increase the circulation time in the blood, by being able to evade RES. If a
smaller particle size is enough to evade the immune system, the use of polye-
thylene glycol (PEG) can be limited. Recently, a particle size less than 100 nm is
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a frequently observed feature in cancer treatment and most medically approved
nanodrugs are usually >50 nm in size [91].

To identify in subsequent work whether particle sizes smaller than 100 nm are su-
tficient to evade all biological bartiers, it is relevant to obtain small-sized nanocartiers,
with a narrow distribution, but all of them with the same chemical composition.

4. Conclusions

In this study, NLCs were obtained by solvent injection method. Despite the sim-
plicity of the technique, the solvent injection method has not been extensively studied
to analyze the factors involved in NLC synthesis. Previous works had been analyzing
the effect of independent variables (a single factor at a time) on the PS and the PDI,
thus ignoring the interactions between independent factors. The DoE is a useful
method to discriminate irrelevant factors in the production process of NLCs and
based on a series of precise and well-founded experimental designs, it manages to
determine the factors that have a significant effect on the synthesis of nanocarriers.

Using DoE and the solvent injection method, eight process factors (pH, %otween,
T,L/1L,L,%Vo,v and ta) that directly affect the PS and PDI of the NL.Cs were eva-
luated. By evaluating each factor independently, it was determined that the percentage
of solvent and the percentage of liquid lipid in the lipid mixture do not have a real
effect on PS and PDI and work levels other than the established critical values (%0V_
=10 % and I,/L, =70 %) destabilizes the particle suspension. Using Plackett-Bur-
man, the temperature and the stirring speed were discriminated, since they do not
present significant effects during the process. For the factorial experimental design,
only %tween, I.and v_were used, the presence of curvature suggested adjusting the
design to a quadratic model using RSM/Box-Benhken. The quadratic model indica-
tes that two factors are critical during the synthesis of NLCs; firstly, the surfactant
concentration negatively affects the particle size, allowing small particle sizes, which
is convenient to obtain particles with PS<100 nm. On the other hand, the concen-
tration of total lipids is another critical factor that will directly affect the size of the
nanocartiers when their levels increase, that is, a higher concentration of lipids in the
aqueous phase promotes particles with PS>100 nm.

The adjusted method is useful to predict the PS when variations of %tween
and L (maintaining constant pH=6.0, T=70 °C, L,/I, L=70 %, %V =10 %,
v.=1200 rpm and t =10 min) are performed. With the model adjusted it is
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possible to obtain NLCs with PS 20, 60 and 100 nm with the same chemical
composition. Particles of these sizes are theoretically adequate for anticancer
drug delivery applications.
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Abstract

In this chapter, the characteristics of several materials for application in me-
dical imaging are discussed. This text is focused on breast cancer, and thus, it is
mentioned in deep since the effects on human health until the medical tools to
give a medical diagnosis. A complete panorama of breast cancer is offered to the
reader in the introduction section. Thus, the chapter starts with the meaning of
cancer and the statistics of this disease. Then, the mammography images are men-
tioned as the current techniques for the diagnosis, particularly the use of X-ray
beams and the physics involved in the image generation. Afterward, experimental
results about Mn-oxide based nanoparticles are shown. The synthesis of nano-
particles was performed through accessible methods of synthesis from chlorides
compounds. And then, the nanoparticles were functionalized with silicon oxide
for enhancing the biocompatibility of the material. The physical properties of
nanoparticles were studied by X-ray diffraction, scanning electron microscopy,
transmission electron microscopy, energy dispersive X-ray spectroscopy, Raman
spectroscopy, and X-ray photoelectron spectroscopy. Artificial breast tissue was
obtained to test the nanoparticles and studied the behaviour in the tissue. The
possibility of employing the nanoparticles as contrast enhancement material for
breast cancer diagnosis is discussed.

Keywords: breast cancer, accessible methods of synthesis, nanoparticles, ear-
ly diagnosis, hydrothermal, artificial breast tissue.
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1. Introduction

Cancer is a complex disease where a group of cells in the human body tend
to grow out of control. It is known that one of the most common cancer-as-
sociated death among women is the breast cancer in the world. Invasive ductal
carcinoma and invasive lobular carcinoma are the two main kinds of cancer
found in the breast of women. These cancer cells begin in ducts and lobules
parts of the breast, respectively [1]. A variety of factors, mainly genetic, aging,
and environmental factors, are associated with the initiation and progression of
breast cancer. The new cases of breast cancer patients have been rising day by
day. However, the death rate through breast cancer is reduced by 43 % during
1990-2020 due to the development of various types of therapies for the early de-
tection and monitoring of patients [2]. Generally, breast cancer is diagnosed using
various techniques, namely breast ultrasound, diagnostic mammogram, imaging
techniques, biopsy, etc. The imaging techniques are suitable for the detection
of early breast cancer stages, which include mammography, positron emission
tomography (PET), magnetic resonance imaging (MRI), computed tomography
(CT) scan, and single-photon emission computed tomography (SPECT) scan,
ultrasound, and X-rays, among others . These imaging technologies constitute a
tool for determining the type and stage of breast cancer by the creation of visual
representations from the mama and the medical interpretation of these medi-
cal analyses. Among these imaging techniques, the mammography technique has
been attractive for the detection of cancers at an early stage of development that
can reduce the risk of dying due to breast cancer disease. The mammography
imaging technique utilizes a low-dose X-ray system as a source for visualizing the
tissue inside the breasts [3]. It contains several advantages (i.e., high sensitivity
and specificity, inexpensive, well tolerated, etc.) for diagnosis and monitoring of
patients in the early stages of cancer. Besides these various benefits, mammo-
graphy imaging is limited by technical performance, quality of practices, and the
patient-centered way of working. It has been shown from previous studies that
the utilization of external substances or materials or nanomaterials will be nee-
ded for developing emerging opportunities.

Breast cancer detection is categorized into three distinct stages: identification
of an abnormality in the breast tissue by an imaging technique (usually mammo-
graphy), diagnosis of cancer using imaging modalities plus a biopsy assay, and
characterization of abnormalities to determine a prognosis and an appropriate
course of treatment [4 — 6]. Mammography is designed for detecting breast cancer
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using radiographic examination. The performance of mammography imaging has
been improving for several decades by developing advanced detector technolo-
gies and powerful computers [7, 8]. Recently, digital mammography is used for the
eatly detection of breast cancer, which offers the promise of revolutionizing mam-
mography imaging and effective screening through its superior dose, diagnostic
accuracy, and control performance. The physical principles of mammography are
connected with breast composition, radiation energy, X-ray spectra, compression,
scattered radiation control, and magnification [9]. Breast tissue is composed of
milk glands, ducts and lobules, fatty tissues, and supportive tissues. Depending on
the compositions of these components, breast tissue is divided into dense breast
tissue and non-dense breast tissue. Mammography is helpful to detect eatly breast
cancer by determining the ratio of non-dense tissue and dense tissue. Mammo-
graphy uses X-rays to get images from breast tissue, which has a modest impact
on contrast. The shape of the X-ray spectrum in mammography is dependent
on the energy of applied potential and target/filter combination [9, 10]. Higher
X-ray energies can provide lower doses or better image quality even for patients
with dense breasts. The energies of X-rays used in mammography are generally
found in the range of 22-49 keV. Therefore, finding the optimum X-ray spectrum
provides valuable information about image quality and dose efficiency. Breast com-
pression is another important parameter in mammography imaging techniques. For
effective early breast cancer detection, the amount of exposed breast tissue should
be increased. Breast compression reduces radiation or improves image quality by
9]. After interacting X-rays with the breast tissues, the radiation will be scattered in
various directions. More scattered radiation produces by denser and thicker glan-

lowering scatter radiation, geometric blurring, and anatomical super-position [2

dular tissue than by the thinner, fatty, and transparent tissues. To get high-contrast
imaging, lower amounts of scattered radiation are preferred. The grid generally
consists of strips of lead, which are used to reduce undesired scattered radiation
that damages the image quality. The performance of image quality is related to the
grid ratio (i.e., the ratio of strip height to strip spacing). The greater grid ratio is
suitable to achieve the high efficiency of the grid and required radiation dose [9].
The increment of image quality is performed by reducing breast thickness and air-
gap technique. The imaging radiation then reaches the image receptor system that
consists of a single intensifying screen with a luminescent coating and a special
single-emulsion film. The film must be exposed to the proper film-screen system
and radiation quality to visualize the diagnosis in the optimum range. Afterward,
film processing is required for changing the image contrast, fog, noise, and sensiti-
vity. Solid-state detectors are utilized to record the scattered radiation that converts
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the scattered radiation into electronic signals. These electronic signals are sent to a
computer for displaying images on the monitor. The analysis of image quality can
visualize the characteristic morphology of a mass, the shape and spatial configura-
tion of calcifications, distortion of the normal architecture of the breast tissue, the
asymmetry between images of the left and right breasts, development of anatomi-
cally definable new densities [10]. The quantitative and qualitative descriptions of
image quality are influenced by the nature of the X-ray spectrum, X-ray absorption
properties at the anatomic region, geometric sharpness, the resolution characteris-
tic curve, noise properties of the imaging system, etc. The complete process of the
mammography imaging technique is presented in Figure 1. All the parameters used
in mammography should be optimized propetly to achieve effective resolution of
the image so that it will be useful for detecting cancer present in the breast.

‘ X-ray tube g
‘ Incident X-rays
[ | | Filters
‘ Incident beams

Breast compression
and position

Scattered X-rays

$
S

‘ Image receptor

system
( Screen system ﬁ

‘ Electronic signalsﬁ
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Figure 1. Components of mammographic imaging techniques.

Nowadays, the development of new testing devices as well as materials has
been improved for facilitating the detection of cancer. Nanotechnology is a
growing field of research, which involves the understanding and control of mat-
ter at the nanometer scale [11]. Nanotechnology offers new opportunities for the
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reduction of cost, working time, as well as environmental pollution. Nanocarriers
used for cancer diagnosis and therapeutic cancer drugs are divided mainly into
organic and inorganic, which are made from lipids, polymers, proteins nucleic
acid, metals, carbon, micelles, liposomes, dendrimers, and nanoparticles [12, 13].
The development of these nanoparticles is dependent on various factors, such
as the shape and size of the particle, surface chemistry, composition, potential,
elasticity, etc. Many of the applications of nanotechnology utilize nanomaterials
for designing devices and systems due to their unique physical as well as chemical
properties. Nanomaterials are characterized by unique physicochemical proper-
ties, such as small feature size in the range of 1-100 nanometers, large surface
area to mass ratio, and high reactivity that can be metals, ceramics, biomaterials,
polymeric materials, or composite materials. These properties of nanomaterials
make them different from bulk materials in general design processes and their
objectives. Based on dimensions, nanomaterials are divided into four different
classes: zero-dimensional nanomaterials (i.e., quantum dots, fullerenes, and na-
noparticles, etc.), one-dimensional nanomaterials (i.e., nanotubes, nanofibers,
nanorods, nanowires, and nanohorns, etc.), two-dimensional nanomaterials (i.e.,
nanosheets, nanofilms, and nanolayers, etc.), three-dimensional nanomaterials
(i.e., bulk powders, dispersions of nanoparticles, arrays of nanowires and nano-
tubes, etc.) [3, 13]. The variety of nanomaterials and their new properties have
been applied from extraordinarily tiny electronic devices to biomedical devices.
Nanomaterials can serve as vehicles for the delivery of therapeutic agents, detec-
tors, or guardians against early disease and perhaps repair of metabolic or genetic
defects. Various types of nanomaterials, namely nanoparticles (i.e., Ag, Au, SiO,,
TiO,, Fe,O,, etc.), quantum dots, carbon structures (i.e., graphene, graphene oxi-
de), dendrimers, and nanogels (i.e., polypeptides, collagen) have been using since
several decades for medical imaging, With growing advances in mammography
imaging, several nanomaterials using different nanoparticles of gold, silver, pla-
tinum, aluminum, palladium, copper, iron, silica, gold-coated Fe ,O,, gold-silver
alloy, silver sulfide, silica encapsulated silver, etc. have been employed by various
research groups [11 — 16]. Nanomaterials are also used as imaging agents. The
use of these nanomaterials in early cancer detection and therapy is promising to
overcome the limitations found in the conventional diagnosis methods and iden-
tification of abnormalities.

There are several examples of nanomaterials that have been used to enhance
the detection and diagnosis of cancers, namely quantum dots, carbon-based
nanomaterials (carbon nanotubes, buckyballs, nanodiamond), metal- or oxi-
de-based nanomaterials (gold, silver, aluminum, magnetic iron oxide, titanium
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dioxide, zinc oxide, silica, etc.), liposomes, and polymer-based nanomaterials
(polysaccharides, polypeptides, polyelectrolytes, dendrimers, and polynucleoti-
des). These nanomaterials have desirable characteristics that facilitate their use
for screening and imaging, These nanomaterials contain unique characteristic
properties, namely small size and shape in nanoscale, large surface area to mass
ratio, increased fraction of atoms at the surface, chemical compositions, multi-
functional capabilities, and high reactivity. The mechanical properties (i.e.,
strength, brittleness, hardness, toughness, fatigue strength, plasticity, elasticity,
ductility, rigidity, yield stress, etc.), thermal properties (thermal conductivity,
thermoelectric power, heat capacity, and thermal stability, etc.), magnetic pro-
perties  (diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic,
ferrimagnetic, etc.), electrical, optical, and catalytic properties are the most im-
portant physicochemical properties of nanomaterials [13, 17, 18]the understating
of nanotechnology, cancer biology, immunomedicine, and nanoparticle surface
chemistry has provided a better clue to prepare the effective immuno-nanome-
dicine for cancer therapy. Moreover, the selection of nanoparticles type and its
composition is essential for development of efficient drug delivery system
(DDS. These properties are mainly dependent on the size and shape of nano-
materials, which are different from bulk materials of the same composition. For
improving the contrast in mammography imaging, various properties of nano-
materials have been studied thoroughly. The nanomaterials should have the
properties, such as small size and shape, high X-ray absorbance, low cytotoxici-
ty, high permeability and retention, chemically inert, high adaptability, strong
near-infrared absorber, ability to alter electromagnetism properties, easily con-
trolled features, high stability, good tolerability, etc. for contrast enhancement [3,
18]including in ultrasonography, computed tomography, scintigraphy, and mag-
netic resonance imaging. Nanoparticles have become more prevalent in reports
of novel contrast agents, especially for molecular imaging and detecting cellular
processes. Fluorescent nanoparticles can easily be tuned for specific imaging
purposes. They offer a more intense fluorescent light emission, longer fluores-
cence lifetimes, and a much broader spectrum of colors than conventional
fluorophores. Nanoparticle contrast agents for ultrasound have also been deve-
loped, which may enhance the sensitive detection of vascular and cardiac
thrombi, as well as solid tumors of the colon, liver, and breast, in a noninvasive
manner. Most common materials that have been used for the development of
photo-based nanoparticles (NPs. To enhance the quality of imaging compared
with the conventional technique, various techniques, namely a combination of
nanomaterials with a superconducting quantum interface device, metal alloys, a
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combination of metal nanoparticles with semiconductors, magnetic nanoclus-
ters, etc. are also employed. With these recent developments for enhancing
contrast, nanomaterials could improve the chances of locating tumors, and trac-
king their levels and microcalcifications in the breast tissue with high selectivity,
special resolution, and sensitivity for early detection [12]. Although these nano-
materials are promising in the field of medical imaging, the use of nanomaterials
is limited by their cost, time, safety, and complexity. Various types of nanomate-
rials, such as thin films, multilayers, nanotubes, nanofilaments, nanometer-sized
particles, etc. have been synthesized by many different techniques. The choice
of the particular synthesis techniques for nanomaterials depends on diverse fea-
tures such as source materials, nature of substrate, required film thickness,
specific application of nanomaterials, material’s purity, material’s stability, repea-
tability, uniformity, flexibility, etc. These features are directly related to the
material properties and production costs. Depending on the quality of synthe-
sized nanomaterials and fabrication cost, techniques for the synthesis of
nanomaterials are generally divided into two categories: physical-based and che-
mical-based techniques. The physical-based methods like thermal evaporation,
sputtering, molecular beam epitaxy, pulsed laser deposition, etc., are normally
designed to synthesize high-quality materials with fewer impurities, showing
more reliable and reproducible techniques. Electrochemical processes, chemical
polymerization, sol-gel, chemical vapor deposition, colloidal dispersion, hydro-
thermal route, etc., are some examples of chemical-based techniques for the
synthesis of nanomaterials. Solution-based techniques possess cost-effective
devices due to their simplicity of the deposition process, ease to handle, require
less energy usage, better material utilization, and use of potentially low energetic
incentives (i.e., low substrate temperatures, atmospheric environment, etc.). The
completed information about these methods and their respective advantages,
disadvantages, and types of nanomaterials to be synthesized is found in the re-
ported literature [1, 19, 20]. The synthesis of nanomaterials is a complex process,
which can be categorized into various steps: generation of the atoms/molecules
from the source, transport of the soutce atoms/molecules to the substrate (or
container), nucleation process, and growth of nanomaterials. At present, the
synthesis techniques play a vital role in controlling the structures of nanomate-
rials at the nanoscale. The optical, electrical, magnetic, biological, structural, and
morphological properties of nanomaterials can be tailored depending on the
synthesis techniques and synthesis parameters. Based on these properties, nano-
materials can be used in a variety of applications. Image processing is a vital step
in the quantification of structural features from images. Morphology is another
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technique of image processing, which is based on the shape and form of ob-
jects. Generally, morphology utilizes a structuring element to an input image for
creating an output image of the same size. Morphological operations such as
erosion, dilation, opening, and closing are used to perform morphological ima-
ge analysis [21]. The Breast Imaging-Reporting and Data System classified
mammographic features into various categories of morphology, namely punc-
tuated (round or oval shape), amorphous (rounding or flaking shaped), coarse
heterogeneous (irregular and conspicuous), fine pleomorphic (more conspi-
cuous), and fine linear and fine linear branching (thin, irregular linear) [22].
These morphologies are mainly dependent on the size and shape of images. The
formation of an image of an object or breast cancer tissue involves different
steps, such as capturing the image, digitization, transmission, etc. The technique
adopted for enhancing the quality of an image is also called contrast enhance-
ment. Numerous contrast enhancement methods, namely, histogram stretching
or histogram equalization technique, algorithms, thresholding, classical image
filtering, wavelet transformation, mathematical morphology techniques, multi-
fractal models, etc., have been proposed to improve the contrast of images [21 — 20].
All these techniques are designed to improve the contrast of images by analyzing
multicomponent images, removing the noise in high frequency, increasing the
distribution of gray levels, analyzing the quantitative description of complex
structures, minimizing the homogeneity of co-occurrence matrix of the original
image, sharpening medical images, removing the clouds to achieve more clarity,
among others. Recently, techniques based on mathematical morphology are
applied for contrast enhancement due to their advantages over other techniques
for providing better visualization of images. Mathematical morphology uses
mathematical principles and relationships to extract the components of images,
which are based on the structural properties of objects [23, 24]. It uses an input
image and processing operator for image processing that involves selective ex-
traction of the features followed by contrast enhancement.

2. Experimental procedure

Two materials were explored: (1) Mn,O,, and (2) MnFe O, nanoparticles. To
synthesize the Mn,O, nanoparticles, manganese (II) chloride, deionized water
with 18 M€ as resistivity value, two inches epi ready silicon wafers (1 0 0) were
commercially acquired from MERK (SIGMA-ALDRICH). On the other hand,
to obtain the MnFe O, nanoparticles, iron chloride, and manganese chloride
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were used as metal sources, and sodium dodecyl sulfate, ethanol, and sodium
hydroxide, were commercially obtained from the same provider. The functionali-
zation of nanoparticles with silicon oxide was performed by using ammonia, and
tetracthyl orthosilicate, which were commercially obtained. In addition, artificial
breast tissue was made based on our previous work [27] to evaluate the behavior
of synthesized materials. Thus, xylene, benzalkonium chloride, ammonium hy-
droxide, alumina, hydrogen peroxide, acetone, glycerin, agar, silicon carbide, and
methanol were commercially acquired from MERK (SIGMA-ALDRICH). All
the reagents were used without further purification process.

To raise the Mn,O, nanoparticles the known spray pyrolysis methodology
was employed according to our previously reported methodology [28]. Thus, the
manganese chloride was used to prepare a 0.5 M aqueous solution. The solution
was fogged to nebulize the substance and guide it by a 21 % Oxygen flux to the
surface of a silicon substrate at 450 °C. Then, the sample was cleaned in a subse-
quent bath of ethanol and water. Finally, it was dried in nitrogen flux. To collect
the nanoparticles, the sample was undergone in an ultrasonic source for 30 min
and then, was centrifugated at 10,000 RPM for 10 min. On the other hand, to rai-
se the MnFe O, nanoparticles the hydrothermal method was used following the
procedure reported in our previous research work [29]. Thus, manganese chlo-
ride and an iron chloride solution were made in water. Afterward, the solutions
were mixed in a proportion of 2:1 for Fe: Mn and bubbled for 30 min with a 21 %
oxygen atmosphere. The solution was placed in an autoclave for performing the
hydrothermal methodology. The entire system was heated to 180 °C for 4h to
obtain nano-icosahedrons. The sample was recovered after synthesis and cleaned
by a subsequent bath of ethanol and water. Then, it was dried into a 20 L/ min
nitrogen flux.

For functionalization with SiO,, both kinds of nanoparticles were placed in
a chemical water according to the procedure previously reported [29]. Ethanol,
deionized water, and ammonia were mixed in a rate of 20:20:4 respectively. The
mix was sonicated for 10 min to homogenize it. Then, the nanoparticles, Mn,O,
and MnFe O, were combined with tetraethyl orthosilicate plus the mix previous-
ly obtained in separately events. The mix was held at room temperature and was
stirred for 8 h to bring the Mn,O, nanoparticles-SiO, and MnFe O, nanoparti-
cles-SiO, complex, respectively.

The artificial breast tissue (ABT) was made from the reagents shown in Table
1. Thus, benzalkonium chloride, glycerin, and water were placed in a beaker and
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mixed at 30 °C. Afterward, alumina powder with an average diameter of 1 um
and 0.3 um was mixed separately with silicon carbide and agar. Both mixings were
incorporated to constitute the ABT at 91 °C with constant stirting of 40 RPM/min
for 3 h. Then it was cooled down in the water for 1 h and then was placed on a
surface at room temperature. The dispersion of the nanoparticles was studied
before and after functionalization with SiO,.

Table 1. List of reagents and materials with the corresponding proportion
used to constitute the artificial breast tissue.

Chemical Reagent Wt. % composition
deionized water 82.97
Glycerin 11.21
benzalkonium chloride 0.46

Agar 3

silicon carbide (17 um) 0.53
alumina (particle size of 1 um) 0.95
alumina (particle size of 0.3 um) 0.88

All the samples were characterized by X-ray diffraction (XRD, Bruker D8
Eco Advance diffractometer) by using a radiation Cu ka = 1.5418 A, scanning
electron microscopy (SEM, JEOL 7401F microscope) with a system for energy
dispersive X-ray spectroscopy (EDS), dynamic light scattering (DLS, an Anton
Paar Litesizer 500), transmission electron microscopy (TEM, JEOL ARM200F),
X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific K-alpha
model) with Al ke monochromatic beam as beam source, and atomic force mi-
croscopy (AFM, SOL instruments NT-MDT model).

3. Results and discussion

To analyze the morphology of nanoparticles, scanning electron microsco-
py images were recorded. Figure 2a and b shows the comparison between the
Mn,O, and MnFe O, nanoparticles, where both kinds of nanoparticles are obtai-
ned with a high grade of dispersion. Transmission electron microscopy images
evidence in great detail the morphology of as synthesized nanoparticles, where
the Mn,O, nanoparticles have a sphere-like shape (Figure 2c) and the MnFe O,
nanoparticles have an icosahedron-like shape. The difference in shape could be
attributed to the methodology due to Mn O, nanoparticles being synthesized
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by spray pyrolysis and MnFe O, nanoparticles being obtained by hydrothermal
method. Morphology could have an important effect on the application as a con-

trast enhancement agent in mammography images because of the surface charge
linked to the staking of materials [30].

Figure 2. Scanning electron microscopy images of (a) Mn,O, and (b), Mnk'e,O, nanoparticles.
Transmission electron microscopy images of (c) Mn,O, and (d), MnFe,O, nanoparticles.

The phase present in the samples was analyzed by X-ray diffraction. Figure 3
shows a comparison between the signal obtained from the Mn,O, and MnFe O,
nanopatrticles. The diffraction of (011), (112), (013), (121), (004), (220), (015), (231),
(033), (224), (125), (040) and (143) planes were found in good agreement for Mn,O,
phase [28]. The (220), (311), (400), (422), (511), and (440) planes are in good agree-
ment for the cubic phase of MnFe O, [29]. In addition, the elemental contents were
analyzed by energy dispersive X-ray spectroscopy (EDS), finding the elemental pro-
portion according to Mn,O, and MnFe O, phase, Figure 3b and 3c, respectively.
Thus, the nanoparticles have a homogeneous phase according to obtained results.

Moreover, the MnFe O, nanoparticles were characterized by X-ray pho-
toelectron spectroscopy (XPS) in four different morphologies: (i) flakes, (ii)
rough-octahedrons, (iif) regular-octahedrons, and (iv) icosahedrons. Figure 4 shows
the comparison between the recorded signal of the different analyzed morpholo-
gies. As can be seen in Figure 4, the proportion rate between the Fe and Mn ions is
different among the samples. On the other hand, the oxygen signal (after applying
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Figure 4. XPS spectra of MnFe,O, nanoparticles (a) 705735 eV, (b) 635-665 eV, and (c)
525-537 ¢V BE range. The gaussian ﬁt of XPS spectra was recorded from different morpho-
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from reference [29].
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a Gaussian fit) unveils a strong difference in the oxygen components, and oxygen
vacancy density could be the main factor linked to morphology [31, 32]. This varia-
tion in oxygen vacancies can confer an enhancement for distribution into the breast
tissue and for functionalization toward drug carriers’ formation.

The artificial breast tissue (ABT) is shown in Figure 5a. Figures 5b and ¢ show
a comparison between two dispersions of nanoparticles into the ABT (1 ug/mlL,
and 600 pg/mL). And Figures d and e show the profile of the selected region.
Can be seen a clear difference in nanoparticles once they are incorporated into
the ABT. The nanoparticles are well incorporated into the ABT as can be seen
in the TEM image (see Figure 5f). Figures 5g and 5h show the distance between
the nanoparticles according to the concentration induced by the ABT. The nano-
particles can be dispersed according to the concentration rate in the ABT, this is
useful for contrast enhancement application due to dispersion guarantee a major
efficiency in the material employed for this application.
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Figure 5. (a) Photograph of the ABT with nanoparticles incorporated. AFM image of Mn O,
nanoparticles into ABT with a nanoparticle mass rate of (b) 1 pg/mL and (c) 600 ug/mL
(Inserts show the 3D projection of shown area, respectively). The (d) and (e) show the rough-
ness profile of sections depicted in (b) and (c), respectively. (f) Mn,O, nanoparticles into ABT
imaged by HRTEM. The relationship between the nanoparticles rate in ABT and (g) the size of
the gaps, and (h) interparticle distance. Taken from reference [28].
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Once the nanoparticles were functionalized, they were exposed to a breast
cancer cell (BT 0 cell line) for 24 hours. After the time was reached, the sample
was prepared for visualization in a transmission electron microscope. Figure 6
shows the nanoparticles inside the cell, this could be useful for specific targeting
of breast cancer disease and specific targeting,

Figure 6. Transmission electron microscopy image of a breast cancer cell after 24 h
of interaction with Mn,O, and MnFe O, nanoparticles.

4. Conclusions

This chapter described detailed information about mammography imaging
for early breast cancer detection. Although the mammography imaging technique
is efficient for identifying cancer tissue, it will not always provide the best reso-
lution of images due to the complex structure of human tissue. Therefore, the
use of nanomaterials in mammography imaging will be a promising alternative as
a contrast agent to detect abnormal tissue appropriately. Many studies regarding
the use of different nanomaterials in mammography imaging have been found
to improve the performance of imaging techniques. Despite the development of
more nanomaterials in mammography imaging, the use of these nanomaterials
is still associated with some limitations regarding synthesis techniques for com-
mercialization, sensitivity, specificity, etc. To solve these challenges or limitations,
highly dynamic synthesis techniques and optimization of synthesis parameters
for nanomaterials should be done to get high-quality material at low-cost. Since
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nanomaterials can greatly improve the survival rates for breast cancer patients,
future studies should also aim at their features, their safety and efficacy profi-
le, their potential applications, their experimental observations, etc. The Mn,O,
(red) and MnFe, O, nanoparticles can be applied for contrast enhancement in
mammography images for eatly breast cancer diagnosis.
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Abstract

Technological advances in stereolithography 3D printing have allowed the
development of new composites. Nowadays the trend is toward composites
containing nanostructures modifying their physicochemical properties while
maintaining their processability. In this work, the elaboration and characteriza-
tion of silver nanoparticles (AgNPs) and silver nanowhiskers (AgNWs) and its
nanocomposites in an acrylic resin is presented. The AgNPs were synthesized
using a green method from Jalapefio Chili (Capsicum Annuum var Annuum)
extract. The AgNWs were synthesized using the polyol method. Complemen-
tary studies were carried out to determine morphology, functional groups, the
crystalline structure and the plasmon resonance by transmission electron micros-
copy (TEM), Fourier transform infrared spectroscopy (FTIR), X ray diffraction
(XRD) and UV-vis spectroscopy, respectively. The resin nanocomposites were
formulated with AgNPs or AgNWs at different concentrations and their thermal
diffusivity was measured by Thermal Lens (TL). On the other hand, using pho-
toacoustic spectroscopy (PAS), the characteristic curing time of the nanoresins
was determined. It was found an increase in thermal diffusivity and curing time
with the increase in concentration of the nanostructures and higher curing time
for the AgNWs nanocomposite. on the curing process. Samples were printed
using SLA to find possible applications in 3D printing structures for medical
application.

Keywords: 3D printing, nanocomposites, thermal properties, physicochemi-
cal characterization
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1. Introduction

In the 80’ a new manufacturing process to obtain solid prototypes from 3D
digital images with relative high speed and ease of printing was developed. Layer
by layer, thin films of a polymeric material, which is sensitive to UV light, are de-
posited. After the process is repeated many times, a solid piece of cured polymer
is obtained, although curing time is short. Moreover, cost-energy savings are high
and complex pieces can be obtained [1, 2].

Usually, the size of the printed objects is between 5-30 cm; therefore, to ob-
tain pieces in the millimeter scale, is necessary to modify the printing technique.
This also depends on the material to be used and the process itself. There main
3D additive manufacturing technologies are material extrusion, material jetting,
Vat photopolymerization, powder bed fusion, sheet lamination, directed energy
deposition, and binder jetting [3].

The additive manufacturing, 3D printing, or rapid modeling is focused on redu-
cing printing time and improving the properties of the printed material. Among its
advantages are speed is faster than other techniques, cheapness, complex geome-
tries for printed pieces are obtained, higher availability, reduction of waste material.

Galvanometric mirror

UV laser

Resin container

Figure 1. 3D printing by stereolithography.
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On the other hand, among its disadvantages are limitations in materials used for
printing, size limitation, accuracy, and is not possible mass production [4].

Among 3D additive manufacturing techniques, stereolithography (SLA) co-
mes originally for lithography [5]. It uses the hydrophilic physical properties of
a clay substrate on which the design is drawn with graphite. Due to the hydro-
phobic properties of graphite, the design is transferred from the clay plate to the
substrate [6].

Nowadays, epoxy, vinyl or polyester resins are employed as well as bio-based
resins based on starch, lactic acid or natural derivatives. In general, UV light and
light-curing resins are used as shown in Figure 1. The laser light is directed by a
galvanometric mirror which polymerizes the photocurable resin layer by layer by
and UV laser, until the 3D figure is obtained.

The typical formulation for curing involves the use of a photo initiator, which
generates the reactive species for starting the polymerization process, the mo-
nomers to be cured, and oligomers which can modify the structure of the resin
[7]. The printed pieces currently have applications that range from biology to
electronics and medicine [8]. The development of Nanotechnology has led the
use resins in which nanometric-sized structures are incorporated, known as
nanoresins or nanocomposites with the subsequent modification of the physico-
chemical properties of the final printed product. Metallic nanostructures such as
Fe, Ti, Ag, Co and Au have been incorporated to polymers such as polyethylene
and polylactic acid, among others. However, main problems faced up are poor
incorporation of nanostructures into the polymer, agglomerations, changes in
the size and shape of the nanostructures, before and during the polymer photo-
curing process [9].

Among photothermal techniques used to study the thermal properties and
curing of resins used for 3D printing, photoacoustic (PA) and thermal lens (TL)
are of special interest. In PA a beam of light in contact with a material cau-
ses a deformation on its surface with a subsequent expansion of the crystalline
network and the release of energy in the form of waves in its surrounding envi-
ronment. It is a sensitive and non-destructive technique. The experimental set up
is shown in Figure 2. In this technique, a modulated beam of laser light hits the
sample placed on a metal sheet generating thermal waves with pressure changes
in the air adjacent to the metal sheet. Then, the acoustic signal produced is recei-
ved by a microphone and sent to and amplifier for further processing [10 — 12].
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Figure 2. a) Experimental set up for PA. b) Open Cell Microphone (OPC).

Thermal lens (TL) is a phenomenon formed when a beam of laser light (pump
laser) excites the sample. A second beam of laser light (probing laser) passes throu-
gh that point being its trajectory modified due to the change in the refractive index
caused by an increase in the temperature on the sample with respect to the surroun-
ding environment [13 — 15]. The experimental set up is shown in Figure 3.

g G

‘|

Lock-in

Figure 3. Experimental set up for TL: A) Ar* Xe ion pump laser, B) Filter, C) Shutter, D) Focu-
sing lens 1, E) Liquid sample, F) Focusing lens 2, G) He-Ne probing laser, H) Mirror, I) Energy
container, J) Computer, K) Shutter control, L) Lock-In, M) Detector.

The Fresnel theory as a function of time describes the TL phenomena as
shown in Eq. 1.

(D

g 2m- 1V
Iit) =1(0) - 1—§tan’1 ( 7 )

[(A+2-m)°+17] - 5o 12 m+17
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being the probe laser beam at any time 2 I(0). is the initial value of I(7) for =0,
0 is the shift of the phase in the probe beam after passing through the sample

caused by the increase in temperature. V=| ' | z_ is the confocal distance of

b

. . C .
the probe beam and z_ is the distance from the probe beam waist to the sample.
w_ and w_ are the beam spot sizes of the probe and excitation beams at the sam-

@) P-A-L /g
ple, respectively, 7 %) ‘and O=———— , P is the excitation beam
power, is the optical absorption coefficiént of the sample L is the sample thick-

ness, £ is the thermal conductivity, 4 is the laser wave-length of the probe beam,

d
and (ﬁ«) is the change of the optical path length with temperature of the probe

beam. The characteristic time constant of the thermal lens is related to the ther-
2

mal diffusivity as follows D = , in which ¢ and 7 can be determined by
fitting Eq. 1 to the experimental dafa obtalned [16 —18].

In this work, silver nanoparticles (AgNPs) and silver nanowires (AgNWs)
were synthesized and added to an acrylic resin to elaborate and nanocomposite
with possible applications in biomedicine. Samples were physicochemically cha-
racterized and thermal properties were measured.

2. Materials and methods

2.1. Synthesis of nanostructures
2.1.1. AgINPs synthesis

The methodology of Li ef al. [19] was used for green synthesis of AgNPs
from Capsicum annum L. extract (Jalapefio chili pepper). Chilis were bought at
a local market in Mexico City. They were washed with distilled water. An extract
was elaborated, centrifuged at 4000 rpm for 1 h and filtered. Later, the extract
was made up to 250 mL in distilled water. As a precursor, 0.1 M of AgNO3 was
used. Then, 10 mL of the precursor were added to 50 mL of the reducer at room
temperature and stirred. Every hour (up to 11 h), a sample was taken, and absor-
bance was determined by UV-vis. Color changed from transparent to translucent
white, reddish brown and finally dark cherry after 11 h of reaction time.

2.1.2. AgNW's synthesis

The AgNWs were synthesized using the polyol method [20]. Silver nitrate,
glycerol and PVP were used as a precursor, solvent and reducer and protective
agent were used. For that, 0.489 M of AgNO3 was dissolved in 19 mL of a
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solution containing 0.284 mol of PVP in glycerol and stirred. On the other hand,
0.5 mL of a 2 M NaCl aqueous solution was dissolved in 1 mL of glycerol and
homogenized. Both solutions were mixed and heated at 220 °C at a heating rate
of 2.75 °C/min and stirred at 50 rpm. The reaction was stopped using deionized
in a 1:1 ratio with respect to the volume of the reactant system and the resulting
product was precipitated by centrifugation at 7000 rpm. The solids were washed
with deionized water three times. Finally, the precipitate was dispersed in water
for its characterization.

2.2. Nanocomposites elaboration

The AgNPs and AgNWs were added to an acrylic resin to form two different
nanocomposites. For that, 1.5 to 6 mg of dry nanostructures were dispersed in
5 mL of the resin INKTEK, Mexico) using and ultrasonic bath for 1 h. For
further use as characterization and printing, the composites were homogenized
in an ultrasonic bath for 30 minutes.

2.3. Characterization

2.3.1. Physicochemical characterization

The UV-vis absorption coefficient was determined using a Genesis® 10S
Spectrometer, in absorbance mode, range of 190-1100 nm, and a step of 5 nm.
Functional groups were identified in a Bruker ® Alpha FTIR (Fourier Trans-
formed Infrared Spectroscopy) equipment with a range of 400 — 4000 cm™ and a
step of 2 cm™. Nanostructures’ morphology was observed using a JEOL® JEM-
1010 Transmission Electron Microscope (TEM) at an acceleration voltage of 60 kV.
The X-ray diffraction (XRD) patterns were obtained using a Rigaku® Smart Lab
diffractometer (Cu Ko, A = 1.5418 A), with a step of 0.02 °/s, and 26 from 20-80°,
voltage and current were 45 kV and 200 mA, respectively.

2.3.2. Thermal measurements
2.3.2.1. Thermal diffusivity

Thermal diffusivity measurements of the nanoresin were carried out using the
experimental set up shown in Figure 3. Briefly, the probing laser passes through
the sample, reflects off the mirror and is directed towards the light intensity
sensor. Then, the excitation laser beam penetrates in the interior of the liquid
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sample, increasing the temperature in the surrounding medium, causing a de-
viation in its trajectory. Constant parameters used were Pe= 40 mW, (power of
the Ar+Xe excitation laser at 514.5 nm (me= 4.9 X10—3 cm the diameter of the
excitation laser light beam; Ap=632.8 nm (He-Ne probe laser wavelength), mp=
1.81 X10—2 cm (probe beam diameter, red), m=13.691, V=1.22; z¢=6.56 cm
focal length; z1=2 m, L=1.0 cm (length of sample cell).

2.3.2.2. Curing time determination

The curing time was determined using the OPC set up shown in Figure 2.
The liquid resin was placed inside a neoprene O-ring (5x2 mm) as a container
on a metallic aluminum film (0.0012 mm thick). The sample was irradiated with
a modulated laser beam at 17 Hz; with a wavelength of 400 to 450 nm and an
average power of 2 mW. An Electret® microphone connected to the cell detects
the wave generated due to temperature increase.

3. Results and discussion
3.1. UV-vis of nanostructures resin and nanocomposites

In Figure 4 the UV-vis of the resin with reaction time for the AgNPs can be
seen. The curves show a band centered at 395nm, and an incipient growth of a
band centered at 475 nm which corresponds to the surface plasmon resonance
of silver. As the reaction progresses, the band at 475 nm is increased while the
band at 395 nm is decreased. This behavior is like that reported by Li ez 2/ [19].
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As seen in Figure 4 for AgNPs a main peak centered at 475 is observed be-
cause the vibrational mode is isotropic. On the other hand, AgNWs present two
vibrational modes, one transversal and the other longitudinal corresponding to a
shoulder centered at 350 nm assigned to transverse vibration and a band centered
at 380 nm assigned to longitudinal vibration (spectra not shown) [21, 22].

In the UV-vis spectra of the acrylic resin (not shown) a band in the range
from 277 to 429 nm was observed, the range in which the resin polymerizes.

For the nanocomposite, a band is observed from 420 to 435 nm (not shown),
which remains in the same region, but changes slightly in intensity. The highest
absorption started from 435nm and increases as the wavelength decreases.

3.2. FTIR of nanostructures resin and nanocomposites

In Figure 5, the FTIR spectra of the samples was taken every hour from
the reacting system. All curves were similar. The characteristic absorption bands
observed were at 3709-2803 cm™ for the symmetric and asymmetric vibration
of the O-H bond and stretching vibrations of the N-H bonds of primary and
secondary amines [23]. At 2816-1904 cm’!, for watet, corresponding to the sym-
metrical stretching of oxygen, -O- and the stretching of the S-H, NH2+, NH+
bonds, maybe from vitamins and thiols of the extract. The band at 1635 cm™ is
related to the bending of the H-O-H bonds, to the amide bonds and to the C=0O,
-C=N bonds. Only small changes in the intensity of the band at 3709-2803 cm
during the synthesis correlates with the kinetics found by UV-vis spectrometry in
Figure 4. For AgNWs, the same peaks were observed (spectra not shown).
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Figure 5. a) Kinetic monitoring of the synthesis of AgNPs.
b) Detail of the band at 3709-2803 cm-1.
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The FTIR spectrum of the acrylic resin is shown in Figure 6. The most
important absorption bands are 2869-2970 cm™ related to the stretching of
the C-H bond (-CH, and -CH,), at 1723 cm™' corresponding to the stretching
of the C=0 bond, a small band at 1635-1616 cm™ due to the stretching of the
RCO-NH2 bond. At 1450 cm™, and a peak corresponding to the -CO-CH,
bond. A broad band between 1016 and 1193 cm™, corresponding to the ester
group and another broad band between 3600 and 3350 cm™ due to O-H stret-
ching and amino group.

In the case of the nanocomposite, the FTIR spectra (not shown) had the
bands corresponding to both, the nanostructures, and the resin.
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3.3. TEM of nanostructures
TEM images were used to determine the diameter of the AgNPs. The kinetics

for 0, 5, and 11 h was observed. In Figure 7, a) an example of AgNPs at time 5 h
is shown along with b) the particle size distribution histogram.
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Figure 7. TEM images after
5 h reaction time for AgNPs
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The particles are spherical in shape and size distribution varies. In Table 1 the
particle size for the different reaction times is shown.

Table 1. Particle diameter statistics.

Particle size [nm]

Time |[h] 0 5 11
Minimun diameter 2.5 2.9 5.9
Maximum diameter 12.7 21.3 35.8
SD 1.6 3.7 4.6
Mean 6.2 7.6 15.7

From TEM micrographs of AgNWs in Figure 8, linear, straight structures
are observed, which different thickness and length (Figure 8a). No branches are
observed. Considering these nanostructures as straight cylinders, the calculated
diameter is 56.8 nm and the average length I=1451.7 nm with a mean aspect ratio

of 25.6 (Figure 8b).
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Figure 8. TEM images for AgNWs.

3.4. XRD of nanostructures

The structural properties of the AgNPs powders were analyzed by X-ray
diffraction (diffractogram not shown). The obtained peaks corresponded
to the planes of the cubic structure, FCC of silver [24], according to the Ag
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crystallographic chart (JCPDS-ICDD chart04-0783) [25]. The peaks were ob-
served at 37.8° corresponding to the (111) plane, at 45.9°, corresponding to the
(200) plane, at 67.2 corresponding to the (220) plane, and at 76.5° corresponding
to the (311) plane. Similar results were reported for AgNPs green syntheses using
extracts of Santalum album fruits, Oryza Sativa seeds and Coleus aromaticus
leaves [20].

For the AgNW's (diffractogram not shown), the signals corresponding to the
FCC cell planes of silver were identified, which agree with the JCPDS standard
file number 04-0783 of ASTM [27]. The crystallites that constitute them have a
preferential orientation in the direction (111).

3.5. Thermal properties of the nanocomposites

3.5.1. Diffusivity of nanocomposites by T1L

In Figure 9 it can be seen that the thermal diffusivity of the nanocomposites
increased as the concentration of nanostructures in the composite increased.
For the same concentration, the thermal diffusivity of the AgNPs composites
is higher than for the AgNWs nanocomposites due to the higher aspect ratio to
volume of nanoparticles compared to nanowhiskers [28].
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Figure 9. Thermal Diffusivity of the nanocomposites versus AgNPs or AgNWs nanostructures

concentration (vol %) (in red and green the SD of the measurements).
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3.5.2. Curing time of nanocomposites by PAS

In Figure 10, the relationship between the AgNPs or AgNWSs concentration
and the characteristic curing time, 1. For the same concentration, it is observed
that for the composites containing AgNWs the curing time is higher than for the
nanocomposites containing the AgNPs. This may be due to the UV light with ge-
nerates free radicals increasing the interfacial thermal resistance and then, curing
time is higher [29]. Also, as concentration is increased, the curing time increased
being more noticeable for the AgNWs. This increase is related to the number of
reactive functional groups between the acrylic resin and the nanostructures. For
lower nanostructures concentration, the characteristic time 1 increases slowly. On
the other hand, as concentration of nanostructures increased, the possibility of
the reaction of these functional groups present on the surface of the nanostruc-
tures, increases the characteristic time 1 [14].
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Figure 10. Characteristic curing time versus concentration for the nanocomposites.

3.5.3. SLA 3D Printing Process

The composites formulated with the AgNPs and AgNWs were 3D printed
in the form of meshes (1 cm?) for application as cellular scaffolds. AN UV laser
with a wavelength of 405 nm was used. The system was illustrated in Figure 1
and the interior of the printer is shown in Figure 11.
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Figure 12. 3D printed structures.

The parameters considered for
3D printing are the numerical data
to stablish the initial position of
the laser, the height at which the
printing starts, the total area of the
printed mesh, the number, and the
space between the vertical and ho-
rizontal lines for the printed mesh,
the duration of time to cure light
activate the composite resin and
the displacement of the printer
platform inside the resin. Exam-
ples of the 3D printed structures
are shown in Figure 12.
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4. Conclusions

In this work, 3D scaffolds by SLA from AgNPs or AgNWs and an acrylic
resin nanocomposite were successfully printed. From the green synthesis, spheri-
cal AgNPs with size between 5.9-35.8 nm after 11 h reaction observed by TEM
were obtained. Particles size depend on synthesis reaction time. Main functional
groups for the nanostructures and nanocomposites were identified by FTIR. The
obtained values for thermal diffusivity (D) measured by TL were between 14 and
47x10-8 m2/s for concentrations ranging from 5 to 19x10-5 wt% for the AgNPs.
For the AgNWs the D values were between 6 and 37x10-8 m2/s for concentra-
tions ranging from 4 to 17x10-5 wt%. Regarding the characteristic curing time (1)
a maximum of 58 s were obtained for the AgNPs nanocomposites and for the
AgNWs nanocomposites maximum was 1651 s for the highest concentration of
the nanostructures. Both D and 7 increased with nanostructures concentration.
The aim of this work was to find applications of 3D printed scaffolds nanocom-
posites in the biomedical field.
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Abstract

Microfluidics has promoted the development of sensors, whose designs,
materials, and sizes have been adapted for application in areas such as biology,
chemistry, and health. For this, the design of the microfluidic system studies
the effect of those parameters on its operation, in addition, the microfluidic
design must be compatible with the transducer characteristics. Numerical simu-
lations are powerful tools that allow us to analyze whether microfluidic designs
are appropriate, and thereby advance to the microfabrication phase. Neverthe-
less, performing a numerical simulation of a microfluidics system is not an easy
task. In this work, the design of a microfluidic channel is described using COM-
SOL Multiphysics 5.5. The material is polydimethylsiloxane (PDMS), and its
dimensions are chosen to work with a laminar flow. Fluid flow patterns, pressure
distribution, and velocity field of water were observed by using the simulation
software. The results showed that the velocity and pressure of the water increa-
sed, from 0.0012 m/s to 0.06 m/s and from 0.06 Pa to 174.37 Pa, when increasing
the flow ratios from 10 pLL/h to 500 uL/h. The 3D and 2D graphs showed that
the distribution of the water velocity decreased in the walls, due to the interaction
between the PDMS and water. Finally, this study provides information to analyze
the design of the microchannel and to organize the experimental measurements,
establishing suitable geometries, materials, and injection flow ratios.

Keywords: microfluidics, numerical simulation, PDMS, microchannel, pres-
sure, velocity.
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1. Introduction

Microfluidics is a field focused on the engineered manipulation of fluids and
molecules at the microscale [1]. It studies fluids confined in microchannels typi-
cally smaller than 500 um. It is a growing field of research which is having a
significant effect on point-of-care diagnostics and clinical studies|2, 3]. Addi-
tionally, microfluidics is very well established in academia [4, 5] and it is rapidly
gaining positions in the industry mainly for the development of new methodolo-
gies and new products for life sciences [6].

The potential of microfluidics lies in size reduction, scaling down fluidic
processes to the microscale, offering significant advantages, for instance; Minia-
turized components and processes employing smaller volumes of fluid (pL-uL),
thus leading to reduced reagent consumption, as a result, this decreases costs and
permits optimized small quantities of expensive samples, thereby the quantities
of waste products are reduced [7]. In the microfluidic devices, diffusive mixing
is easy and fast, often increasing the velocity and accuracy of reactions. A mi-
crofluidic chip allows to reduce measurement times, improve sensitivity, higher
selectivity, and greater repeatability [9].

A microfluidic chip is a pattern of microchannels, molded by techniques of
microfabrication [4, 5, 9, 10]. Those microfluidic chips can be integrated with
transducers (e.g., optical, mechanical, electrical, magnetic, etc.) to form as we
know it as a lab on a chip sensor [5, 11, 12]. The microfluidic chip design is es-
sential to obtain an optimized system. It requires analyzing on the effect of the
geometry, material, fluids, and temperature etc. Numerical simulations are useful
tools to perform preliminary physical tests and investigations on microfluidic
chips, also to verify the quality of the microchannel fabrication [13]. A numerical
simulation is a calculation to study the behavior of systems whose mathemati-
cal models are complex to provide analytical solutions. However, performing a
numerical simulation is a very complex task. It requires knowledge about of the
software and the physical concepts of microfluidics, to configure the simulation
properly and thereby obtain correct results.

In this work, we use the COMSOL Multiphysics program [14] to describe
the microfluidic chip design of a polydimethylsiloxane (PDMS) microchannel,
with a radius of reservoir of 250 um, with a length 1000 um and with a width
and height of 70 um. Its geometry could be compatible with optic (e.g., gold)
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[15] and mechanical [11] (e.g., lithium niobate) transducers to create lab on a
chip sensors. This study is aimed to describe, step by step, the design of a single
microfluidic channel in COMSOL Multiphysics. Additionally, we calculate and
analyze the pressure and velocity of water using different flow ratios, common-
ly used in bio applications.

2. Methodology
2.1. Setting

The simulation of the microfluidic channel is carried out in the engineering
modeling software COMSOL Multiphysics version 5.5. The settings are mentio-
ned in Table 1.

Table 1. COMSOL configuration for the microfluidic channel

Settings Details

Space Dimension 3D

Physic Fluid Flow, Single-Phase Flow, Laminar Flow
Study Type General Studies, Stationary

Module Microfluidic

2.2. Geometry of the PDMS microfluidic channel

The Figure 1a shows the geometry of the microchannel, where L represents
the length, it is parallel to the Y axis that connects two reservoirs, Ri for the in-
let and Ro for the outlet, the radius is 250 um. For a correct union between the
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Figure 1. Geometry of the PDMS microfluidic channel. a) Top view of the reservoirs, inlet and
outlet, with 250 um of radius, b) Reservoir connecting to the rectangular part of the micro-
channel with a width (W) of 70 um, and ¢) Microchannel dimensions.
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rectangular part of the channel and the reservoir, it is necessary to extend the
length of the channel as shown in the Figure 1b. An extrusion of 70 um is set for
the height (H) as shown in Figure 1c.

2.3. Materials of the microfluidic channel

Polydimethylsiloxane (PDMS) is chosen as the material for the walls due to its
excellent properties that allow molding at microscale a channel. This polymer is
transparent, and a biocompatible polymer widely used in microfluidics due to its
compatibility with biosensors. [5, 16] as for example cellular adhesion. Cellular
adhesion is a multipart process with crucial implications in physiology (i.e. immu-
ne response, tissue nature, architecture maintenance, or behaviour and expansion
of tumor cells We can set its Young’s modulus, so we have the option to modify
the design or make the study more efficient.

Wiater is chosen as fluid because it is the universal dissolvent and its properties
are used as a reference to understand the behavior of the fluid through the micro-
channel, and thereby, we could compare the behavior with other biological fluids.

The PDMS and water do not need to be registered, COMSOL software has
their properties in the library. The properties are specified in the following Figure 2.
We select the entire microchannel for water, it must be configured as one solid,
see Figure 2a-b. We select the walls, one by one, to configure PDMS material as
shown in the Figure 2c-d.

2.4. Inlet and outlet port microfluidic channel

In this section, the inlet and outlet of the microchannel are configured as
well as the water as a laminar flow. The inlet reservoir (Ri) is selected as shown
in Figure 3a, where a tubing is connected to inject the water inside the micro-
channel, then, due to the same pressure, water passes through the microchannel
and reaches the outlet reservoir as shown in Figure 3b. The water leaves the mi-
crochannel due to the pressure and through another tubing connected at the outlet
reservoir as shown in Figure 3c. We test three different flow ratios, 2.778x10"* m’/s,
9.772x10™"* m’/s, and 1.3889x10"" m’/s which are equivalent to 10 uL/h, 35 uL./h,
and 500 pLL/h, respectively. These flow ratios are commonly used in biofunctio-
nalization and droplet generation processes [2]. It’s important to verify that at the
end of this configuration, when entering the Inlet, Outlet and Wall option, the
selection is displayed as shown in Figure 3.
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2 2
»

Property Variable Expression Unit Size
Coefficient of thermal e... | alpha_iso ;... alpha_p(T) /K 3x3
Bulk viscosity muB muB(M Pas x1
Dynamic viscosity mu eta(T) Pas x1
Ratio of specific heats gamma gamma_w(T) 1 1x1
Electrical conductivity sigma_iso... | 5.5e-6[S/m] S/m 33
Heat capacity at consta... Cp Cp(M )/ (kg'K) x1
Density rho rho(T) kg/m? 1x1
Thermal conductivity k_iso ; kii... | k(T) W/(mK) 3x3
Speed of sound c cs(h) m/s x1

d)
»

Property Variable Expression Unit Size
Coefficient of thermal e... | alpha_iso ;... | 9e-4[1/K] 1K 33
Heat capacity at consta... Cp 14600/ (kg*K)] Jkg-K) 1x1
Relative permittivity epsilonr_is... 2.75 1 3x3
Density rho 970[kg/m*3] kg/m* 1
Thermal conductivity K_iso ; kii... | 0.16[W/(m*K)] W/(mK) 33
Permeability Kappa_iso... m? 33
Porosity epsilon 1 1x1
"

Property Variable  Expression Unit Size
Young's modulus. E 750[kPa] Pa 1x1
Poisson'’s ratio nu 049 1 1x1

z
Y x -200 T
Mm

Figure 2. a) Scheme showing the selected parts of the microchannel where the water will flow,
b) Properties of water, c) Selected geometry of the microchannel to configure the PDMS mate-
rial, and d) Properties of PDMS polymer.

a) b) o

Figure 3. Port settings. a) Inlet port settings, reservoir Ri where the water enters, b) Walls port set-
tings where the water flows and ¢) Outlet port settings, reservoir Ro where the water comes out.

2.5. Mesh settings

In this section, we select a normal mesh for a stationary study, this configu-
ration has a suitable characteristic to perform it, see Figure 4c. Each crossing of
lines in the mesh, called nodes, is where the resolution of equations is generated
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Figure 4. Normal mesh settings. a) Normal mesh along the entire geometry, b) Outlet reservoir
with the mesh and ¢) Default properties of a normal mesh for a stationary study.

by COMSOL to obtain, speed, pressure, among other parameters. Figure 4a-c
shows the main parameters for a normal mesh as well as an approach to the mesh
produced in the outlet reservoir.

2.6. Study Settings

To generate a stationary study, slices of the areas of interest are needed. In
this case, three types of slices are generated. The slice 1 is parallel to the mi-
crochannel in the yz plane, and it is in middle of the microchannel, as shown in
the Figure 5a. The second plane (slice 2) is created parallel to the microchannel
in the yx plane, see Figure 5b. Finally, we configure five slices in the zx plane,
in the transversal form, as shown in the Figure 5c.

The slices are used to generate the stationary study in which the speed
appears in each one to calculate the pressure and velocity of the water at diffe-
rent flow ratios.

ghee LS

e 6‘/, o

B
Shee 17

Figure 5. Settings of the slices. a) Slice 1 is parallel to the microchannel in the yz plane. b) Slice
2 is parallel to the microchannel in the yx plane. c) Slice 3 to Slice 7 is transversal to the micro-
channel in the zx plane.
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3. Results and Discussion
3.1. Velocity of the water through the PDMS microchannel

To calculate the results, it is necessary to indicate the type of study that COMSOL
will perform, if it is not given by default in the options box on the left of interphase,
we must create it by selecting a new study in the tool ribbon at the top of interphase.
Once this is done, to obtain the velocity, we select a 3D PLOT GROUP in the same
tool ribbon and configure it to refer to Slice 1, created in the previous section, see
Figure 5a. Once inside the 3D PLOT GROUP configurations, we will find a variable
selector indicated with a red and a green triangle, in this section, we will search the
variable of interest to analyze (e.g., velocity). Once this is done, we return to the study

settings and press the Compute button to generate the study, as shown in Figure 6.

Slice: Velocity magnitude (m/s) Arrow Volume: Velocity field

Inlet

slicanyelocity magnitude (m/s) Arrow Volume: Velocity field

200

V‘\L/x -200

fm

Arrow Volume

Figure 6. Slide 1 of velocity flowing through the microchannel and flow lines of that velocity

indicating the direction from the inlet to outlet.

We can see in Figute 6 that the water velocity is less than 0.02 m/s in the inlet
reservoir and in the outlet reservoir, while through the microchannel the velocity
can reach 0.06 m/s. We can observe the water direction from the inlet to the
outlet. For the second stationary study referenced to Slice 2, see Figure 5b. We
repeat the previously mentioned steps but selecting the Slice 2. Then, we can see

in Figure 7 that the velocity is transversely along the microchannel.

In the case of Slice 3-7 (see Figure 5), we obtain two results. The first one
in 3D PLOT GROUP, with the velocity referenced to the transverse planes as
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Figure 7. Velocity through the microchannel and flow lines of that velocity in the slice 2.
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Figure 8. a) Velocity magnitude in the slices 3-7, b) 3D plot of the central slice 5, and c) Surface
of the transversal velocity in 2D of the slice 5.

shown in Figures 8a and 8b, following the steps already mentioned. We plot a 2D
PLOT GROUP and reference it to Slice 5, which is a central transverse plane, to
observe the behavior of the water as shown in Figure 8c.

We can see in the Figure 8 the results of the slides 3-7, the scale is shown that goes
from 0.0 m/s to 0.06 m/s, which is the velocity range calculated through the PDMS
microchannel. We note that the velocity in the center reaches the largest value (0.06
m/s) while in the base (sensor) and walls (PDMS) the velocity reaches the lowest va-
lues (0.01 m/s). We attribute this behavior to the PDMS, due to it is a polymer with a
Young’s modulus of 750 kPa that affects the flow of the water. With this simulation,
it is possible to calculate the time that the water takes to pass through the entire mi-
crofluidic channel at different flow ratios, the results are shown in Table 2.
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Table 2. Water injection flow ratios. Calculated pressure and velocity values by numerical simu-
lation, and the travel time of the water through the microchannel.

Water Flow at inlet teservoir | Velocity (m/s)d Pressure (Pa)e Maximum
Time (s)c

(ML/h)a | (m"3/s)b min max min max

10 2.778 e-12 0.0 0.0012 0.06 3.48 0.833

35 9.722 e-12 0.0 0.0040 0.21 12.19 0.250

500 1.389 e-10 0.0 0.0600 2.93 174.37 0.016

a Flow ratio used for microfluidics applications.

b Flow ratio in unit accepted by COMSOL Multiphysics.

c Fill Time of water to pass through the entire microfluidic channel with 1000 um of
length.

d Calculated values of water velocity at Slice 2.

¢ Calculated values of water pressure at Slice 2.

3.2. Pressure of the water through PDMS microchannel

To obtain the water pressure inside the PDMS microfluidic channel, we select
a 3D PLOT GROUP, in its settings, in the green and red triangle, we choice the
pressure variable. We select the surface of the entire microchannel to obtain
pressure values and pressure curves, to appreciate the behavior of the micro-
channel, as shown in Figure 9 a-d.

a) b ) d)

Contour: Pressure {I?a)

Inlet |

Figure 9. a) Pressure curves in the inlet reservoir, b) Pressure curves along the entire geometry
of the PDMS microchannel, ¢) Pressure curves in the outlet reservoir and d) Pressure curves
along the entire PDMS microchannel.

We can see in Figure 9 a-d, that the flow is distributed along the PDMS mi-
crochannel causing different pressures from 2.93 Pa to 174.37 Pa for a flow ratio
of 500 uL./h. Thus, we can calculate and observe the maximum pressure values
that the microchannel supports, without suffering damage or leaks, by varying
the flow ratios of the water.
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The data of pressure and velocity of water provide information to analyze
the design of the microfluidic channel and to organize the experimental measu-
rements, establishing suitable geometries, materials, and injection flow ratios. The
pressure values at different flow ratios are shown in Table 2. As we expected, the
values increase as the flow ratio increases. On the contrary, the time decreased as
the flow ratio increased.

4. Conclusions

In this work, we presented a numerical simulation of a PDMS microfluidic
channel whose geometry could be compatible with optic and mechanical sensors.
We configured the microchannel geometry to analyze a laminar behavior, and to
calculate the pressure and velocity using water.

PDMS material was selected for its well-known biocompatibility, thereby the
PDMS microchannel can be applied in biology and chemistry. Water is used as a
fluid and as a reference in these simulations.

The design is the basic microfluidic channel with an inlet and outlet. The ra-
dius of reservoirs is 250 pm with a length of 1000 um, a width of 70 um and a
height of 70 um. The PDMS microchannel can be fabricated with 3D printer or
photolithography techniques.

In this work, we described the configuration of ports to analyze the behavior
of pressure and velocity of water since this is the universal solvent and the most
used in bio applications.

The results showed that the velocity goes from 0.0 m/s to 0.06 m/s decreasing in
the walls, due to the interaction between the PDMS and water. The minimum filling
time was 0.016 seconds using a flow ratio of 500 puL./h. The pressure goes from 2.93
Pa to 174.37 Pa. In the case of 35 pL/h, the velocity goes from 0 m/s to 0.0040 m/s,
with a pressure that goes from 0.21 Pa to 12.19 Pa, with a filling time of 0.250 s.

For the flow ratio of 10 pL/h, the velocity goes from 0.0 m/s to 0.0012 m/s,
with a pressure that goes from 0.06 Pa to 3.48 Pa, with a filling time of 0.833 s.

These calculations required at computational cost of 1.61 GB with an exe-
cution time of 1 minute and 20 seconds. With this work, we demonstrate the
potential of numerical simulations for the suitable design and microfabrication
of microfluidic systems compatible with sensors, also by numerical simulation is
possible to vary the water for other biochemical substances, modifying its pro-
perties according to the study.
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Abstract

Nanomaterials have been introduced to the food industry by developing
packages and sensors containing active substances. These substances can be in-
corporated into nanofibers, prolonging the shelf-life of food. In this study, we
developed nanofibers using a mixture of gelatin, citric acid, glycerol, and poly
(e-caprolactone) (PCL). The nanofibers were characterized using rheological,
morphological, physical, and mechanical analyses. The results showed that ad-
ding citric acid increased the viscosity of the polymeric solution, but it did not
reach the level of pure gelatin solution. The presence of citric acid conserved the
pseudoplastic behavior required for electrospinning, decreased the fiber diame-
ter, and provided greater tensile strength. The presence of citric acid and glycerol
helped to improve the morphological characteristics of the nanofibers, resul-
ting in continuous and homogeneous fibers with a better appearance. Fourier
transform infrared spectra (FTIR) showed the presence of characteristic gelatin
and PCL peaks, indicating the successful incorporation of the polymers. Na-
nofibers made from gelatin-citric acid and gelatin-glycerol mixtures are the most
promising options for incorporating metabolites and active compounds, as they
provide an accessible and biodegradable system in the food industry.
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1. Introduction

The development of nanofibers has experienced a surge in recent years due
to several benefits, such as higher surface area, smaller pore size, higher porosity,
and tensile strength [1]. Different methods can produce these materials, inclu-
ding template synthesis, phase separation, self-assembly, and electrospinning [2].
Electrospinning is currently the most popular technique for nanofiber processing
due to its practicality, versatility, high processing yield, low cost, and diverse mor-
phologies [3]. This method involves applying high voltage to a polymer solution
from a syringe tip. The droplet’s surface becomes electrically charged, generating
repulsive forces. The solvent evaporates during its trajectory to a metal collector
(plate or cylinder), and the material is deposited as nanofibers [4]. Three key
factors are considered when developing nanofibers: formulation factors (such as
solvents and polymers used to generate the polymer solution, polymer solution
concentration, concentration of a substance or active ingredient to be incorpo-
rated in the solution, etc.), processing factors (electrospinning parameters such
as flow rate, applied voltage, syringe to collector distance, etc.), and environ-
mental factors (ambient temperature and relative humidity). Electrospinning is
an innovative technique that has found applications in various fields, initially in
the biomedical and pharmaceutical industries, but recently expanded to areas
such as food, particularly in developing smart packaging [5 — 6]. Electrospinning
has proven successful in these areas as it serves as a release system for various
substances, including active ingredients and/or metabolites, through an intelli-
gent system known as “nano in a nano” [7] and is applicable in different fields.
The selection of polymers plays a crucial role in this technique, as they must be
suitable for electrospinning and have good mechanical properties [8]. A wide
range of natural polymers, including zein [9], chitosan [10], cellulose [11], gelatin
[12], pullulan [3], and even some plant and seed mucilage [13], have been used
to develop nanofibers. Synthetic polymers such as ethyl cellulose [14], polyvinyl
alcohol (PVA) [15], polylactic acid (PLA), and polyethylene glycol (PEG) [10]
have also been used.

Gelatin is one of the most commonly used natural polymers due to its bio-
compatibility, accessibility, low cost, biodegradability, and high efficiency [17].
This soluble protein is obtained by breaking down the collagen structure into
single chains [18]. Gelatin has been extensively studied, and electrospinning has
yielded satisfactory results with this polymer [19]. Researchers have reported that
fibers with a stable morphology, high water absorption capacity, and excellent
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mechanical properties can be produced using gelatin [20]. Therefore, in this study,
we formulated various gelatin compositions to evaluate the effect of adding a
crosslinking agent, surfactant, and synthetic polymer on nanofiber production.
These nanofibers will be utilized in the future for incorporating metabolites into
the manufacture of smart packaging,

2. Material and methods
2.1. Material

Gelatin type A from porcine skin 300 bloom (Sigma Aldrich, USA) was used
for nanofiber development. Other materials included glycerol, citric acid, and
PCL (Mn= 800,000), also from Sigma Aldrich (USA). Glacial acetic acid, sourced
from Fisher Scientific (Massachusetts, USA), was used as a solvent.

2.2. Preparation of polymeric solutions

Various formulations were created with a gelatin concentration of 20 % (w/v)
and a water-acetic acid mixture in a 50:50 ratio. The ratio of the polymers and
organic compounds utilized in each formulation is presented in Table 1. Each
formulation was stirred at 350 rpm for 1 h at 60 °C. The GePCL combination was
the only formulation prepared with a total polymer concentration of 10 % (w/v),
using acetic acid as a solvent, and was stirred for 3 h to improve the incorpora-
tion between the two polymers. Finally, all solutions were cooled to 30 °C, loaded
into a syringe, and utilized for electrospinning,

Table 1. Formulations of polymeric solutions.

Misture | Ges) | GecA @) | GeGL®) | GePCL @)
Gelatin 100 99 100 70
Citric acid - 1 - -

PCL - - - 30
Solvents

Water 50 50 49.7 -
Acetic acid 50 50 50 100
Glycerol - - 0.3 -
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2.3. Electrospinning process

Nanofibers were produced using electrospinning equipment from Bioinica &
Fluidnatek LE-100 (Spain). The polymeric solution was loaded into a disposable syrin-
ge (5 mL) with an 18-gauge stainless steel needle tip. Each mixture was introduced
into the injection pump, and a flow rate of 0.8-1.0 mL/h was used. Two electrodes
(positive and negative) were placed near a high-voltage source. A voltage of +18 kV
and -5 kV was applied between the syringe tip and the metallic collector plate, which
was positioned 10 cm away, creating an electric field and facilitating the formation of
nanofibers. Nanofibers were collected on wax paper (10 X 10 cm) previously placed
on the collector. Finally, the nanofibers were stored in a desiccator for 24 h.

2.4. Scanning electron microscopy (SEM)

A small quantity of nanofibers was obtained and attached to a metal sample
holder using double-sided tape. The samples were subsequently sputter-coated
with a gold layer for 120 seconds (Desk IV, Denton Vacuum, USA) and imaged
at an acceleration voltage of 20 kV. Micrographs were captured at various magni-
fications using SEM equipment from JEOL (JMS-6390LYV, Japan).

2.5. Fourier transform infrared (FTIR) spectra

FTIR analysis was performed using a spectrophotometer (Cary 630, Agilent
Technologies, USA). The analysis involved the identification of characteristic sig-
nals (peaks) present in an infrared spectrum. These signals arise from interatomic
vibrations between functional groups present in the nanofibers, and peaks can be
observed at different wave numbers within a range of 4000 to 500 cm™. An atte-
nuated total reflectance cell was utilized with a resolution of 4 cm™ and 32 scans.

2.6. Rheological Characterization

The viscosity behavior of the polymeric solutions was determined according
to the method described by Kazemianrad [17], with some modifications. A rheo-
meter (Anton Paar MCR 302, Austria) was utilized to measure the viscosity as
a function of the shear rate. The required geometry was a cone-plate PP25-1
(24.981 mm diameter), and measurements were taken at shear rates ranging from
1to 100 s with 10 s™ intervals, resulting in a total of 30 data points. The samples
were measured at room temperature (25 °C) and with a 0.5 mm gap.
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2.7. Physical and mechanical test

The thickness of the nanofibers was measured using a Mitutoyo 547-5008 mi-
crometer (Digimatic, Japan). Similarly, mechanical property characterization was
conducted using the methodology described by Nilsuwan [21], with some modi-
fications. A Texture Analyzer (TA-XT2i) software was employed using the ASTM
D882-02 standard method. Nanofiber samples were cut into strips (50 X 20 mm)
for analysis. The strips were positioned between equipment tongs spaced 30 mm
apart. The software was configured to use a stretching speed of 1 mm/min, a test
speed of 3 mm/s, and a force of 1 N. Tensile strength (TS) was then calculated.

2.8. Statistical Analysis

The results were presented as the mean T standard deviation (SD). Data were
analyzed using a one-way ANOVA, followed by mean comparisons using the
Least Significant Difference (LSD) method, using OriginPro 8.5 software. Statis-
tical significance was tested at p < 0.05.

3. Results and discussion
3.1. Scanning electron microscopy (SEM)

Figure 1 depicts SEM micrographs of four types of nanofibers: gelatin (Ge),
gelatin-citric acid (GeCA), gelatin-glycerol (GeGL), and gelatin-polycaprolactone
(GePCL). In most of the images, the nanofibers appear smooth, uniform, linear,
and free of defects such as beading, dripping, and broken fibers. The desirable
properties of gelatin, such as being a highly natural polymer, hydrophilic, with a
low melting point, and good dispersibility, make it suitable for creating high-qua-
lity nanofibers with thickening, dispersing, and emulsifying properties [22, 23].
The smooth, uniform, and bead-free nanofibers in these micrographs are mainly
due to the high concentration of Ge used in the polymer solution, which was 20
% (m/v). Okutan [24] has shown that a concentration greater than 14 % w/v
is required to create nanofibers with uniform and defect-free structures. By in-
creasing the polymer solution concentration, a stable solution stream is created
that does not break, resulting in a uniform nanofiber deposit [25, 26]. In con-
trast, low-concentration gelatin polymer solutions have been reported to produce
beads and droplets instead of nanofibers [27, 28].
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Moreover, it has been observed that the viscosity of a polymer solution in-
creases proportionally with its concentration and the molecular weight of its
components [29]. Thus, the GePCL solution was expected to have the highest
viscosity; however, it had a low viscosity because it was prepared at a lower con-
centration (10 %) than the other formulations (20 %). As a result, it showed a
rheological behavior very close to Newtonian. The low concentration and vis-
cosity of the solution, along with the partial phase separation between Ge and
PCL, caused an unstable solution jet, resulting in fibers of large size and hetero-
geneous diameters, as well as solution droplets when deposited on the collector.
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Figure 1. SEM images of nanofibers formulated with Ge (a), GeCA (b), GeGL (c) and GePCL (d).

Figure 2 displays the frequency histograms of nanofiber diameters. The results
indicate that the average diameter of nanofibers produced solely from gelatin
is the smallest, at 224=5nm. In contrast, incorporating additional components
such as citric acid, glycerol, and PCL increases diameters of 250+6, 468+13, and
533%5 nm, respectively. The observed increase in nanofiber diameter follows the
order of increasing molar mass of the components, which can explain the trend.
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Figure 2. Frequency histograms of the distribution of diameters of the nanofibers
obtained with Ge (a), GeCA (b), GeGL (c) and GePCL (d).

3.2. FTIR Analysis

Figure 3 displays the FTIR spectra of the nanofibers produced using gelatin
(Ge), gelatin-citric acid (GeCA), gelatin-glycerol (GeGL), and gelatin-polycapro-
lactone (GePCL). Each spectrum shows characteristic signals that can be used for
practical analysis, and the molecular structures of the nanofiber components were
also included. Gelatin is a natural polymer and protein that produces well-defined
signals, such as the peak at 3294 cm™, corresponding to the symmetric stretching
vibrations of N-H amino groups belonging to primary amides. The signals at 2930
and 2850 cm™’ correspond to asymmetric and symmetric stretching vibrations
of CH, groups, respectively. The intense PCL peak at 1724 cm™ is a characteris-
tic signal of carbonyl groups (C=0) in the ester-containing PCL in its chemical
structure [30]. Likewise, a characteristic Ge signal can be observed at 1640 cm’,
corresponding to the stretching vibrations of C=0O groups belonging to primary
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amide groups [31]. The amide signal confirms the presence of Ge in the GePCL
nanofibers, which are highly hygroscopic due to their interaction with hydrogens
[32]. This same signal is attributed to the random helix-like spiral conformation of
the gelatin structure. In the GeCA and GeGL spectra, peaks are observed at the
same wavenumbers as in the Ge spectrum, but with decreased intensities, likely
due to the formation of fiber component interactions, which was corroborated by
the high solubility of Ge in the solutions with CA and GL. The signal at 1526 cm
refers to bending vibrations of N-H amino groups presented by secondary amides
and stretching vibrations of the C-N bond of the Ge structure. The signals at 1240
and 1160 cm™ correspond to asymmetric stretching vibrations of the C-O-C bond
of PCL, which are characteristic peaks of PCL, thereby confirming the incorpora-
tion of this polymer with Ge [33].
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Figure 3. FTIR spectra corresponding to nanofibers of Ge, GeCA, GeGL and GePCL.

3.3. Rheological Properties

Viscosity is a crucial parameter in the electrospinning process, as it determines
the formation of continuous and uniform fibers [8]. Figure 4 illustrates the viscosity
behavior concerning a shear rate of 1-100 s™. The gelatin solution displayed behavior
similar to that of a Newtonian fluid within the 1-60 s range. However, at higher
shear rates, the viscosity increased to 496 mPa.s, indicating a thickening shear beha-
vior (theopectic). GeCA and GeGL formulations showed similar behavior with the
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same tendency but with a lower ratio than Ge. The GePCL mixture demonstrated
almost Newtonian behavior throughout the shear range. The maximum viscosity —
reached ata shear rate of 100 s —was significantly higher in the Ge solution (p<0.05)
than in GeCA and GeGlL,, which exhibited the lowest values.

The obtained flow curves were fitted to the Power Law model, and rheolo-
gical parameters, including consistency coefficient (K) and flow behavior index
(n), were calculated (Table 2). The Ge solution exhibited the highest value of
K, while GePCL had the lowest value, as confirmed by the apparent viscosity
results. In contrast, the n value of Ge was almost 1 within the 1-60 s' range,
indicating similar Newtonian behavior. GeCA, GeGL, and GePCL solutions had
values less than 1, indicating a shear-thinning behavior (pseudoplastic). This is fa-
vorable for nanofiber formation because, according to Mosayebi [34], polymers’
arrangement during electrospinning is directly related to pseudoplastic behavior.
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Table 2. Physical, mechanical and rheological parameters of nanofibers and Ge, GeCA,

GL and GePCL solutions.
. Thickness p (mPa.s)
Formulation TS (MPa K (mPa.sn n
B (mm) (MPa) [100 5] ( )
Ge 0.20 £0.02*[0.96 £ 0.13%]496.0 £ 0.08 * |279.15+ 10.28* | 0.9616 * 0.09 *
GeCA 0.10£0.01°[1.64 £0.16*|278.0 £ 0.01" |233.59 £ 6.71 > [0.3290 £ 0.09 ®
GeGL 0.23 £0.01*[1.38 £0.03*(239.0+0.01" |198.24 £ 10.33° | 0.2686 = 0.10 "
GePCL 0.06 £0.02¢|1.50£0.11*|111.3 £ 0.03¢ | 100.15 £ 20.23 ¢ | 0.0846 + 0.04 <

TS=Tensile strength; K= Consistency coefficient; n= Flow behavior. Different letters in the
same column indicate a significant difference (p < 0.05).
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3.4. Physical and mechanical tests

Table 2 shows the thickness and TS values. Ge and GeGL formulations ex-
hibited the highest thickness values, followed by GeCA and GePCL (p < 0.05),
indicating that pure gelatin and its combination with glycerol promote the deve-
lopment of a thicker film. However, these formulations showed low TS values,
possibly due to gelatin’s high viscosity and rheological behavior. Furthermore,
adding glycerol increases the nanofibers’ plasticity and decreases the elastic mo-
dulus [35]. GePCL sample demonstrated a similar TS value to GeGL and the
lowest thickness. GeCA had an intermediate thickness value (0.1 mm) and the
highest TS value (1.86 MPa). Hence, in addition to the SEM images, GeCA may
be considered the best nanofiber formulation due to citric acid facilitating better
interaction between the molecules and increasing the hydrogen bond interactions
between the carboxyl and amino groups of gelatin protein.

Citric acid has been investigated as a cross-linker, and successful results have
been achieved in improving mechanical properties, increasing TS values, and de-
creasing the breaking point [36]. Although a low concentration of citric acid was
used in this study, it likely enhanced these properties. However, a statistical diffe-
rence was observed only in the Ge formulation.

4. Conclusions

Adding CA, GL, and PCL improved the final properties of the gelatin na-
nofibers. Gelatin nanofibers displayed good morphological characteristics, but
their fiber diameters were the smallest, and their TS values were the lowest. On
the other hand, the GeCA mixture presented the best physical characteristics by
obtaining fibers close to those of Ge but with improved mechanical properties
while maintaining pseudoplastic behavior. Similarly, the diameters of GeGL na-
nofibers were the most homogeneous and exhibited a similar rheological and
physical behavior to GeCA. In conclusion, GeCA and GeGL formulations could
be the best options for incorporating metabolites or active compounds into food.
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Abstract

Nowadays, new alternatives for avoiding contamination due to the use of
non-biodegradable packing and pesticides for fruit and vegetable preservation
must be sought. In this work, three coatings based on chitosan nanoparticles,
chitosan-thyme essential oil or chitosan-propolis nanoparticles were tested on
inoculated and non-inoculated tomato with A/ternaria alternata. The fruit was sto-
red at 11 + 2 °C for 14 days and at ambient temperature at 27 + 2 °C for 7 days.
The TEM and DLS showed a particle size in the range of 3.8 to 9 nm. The pos-
tharvest quality of tomato fruit was evaluated as firmness, weight loss, color and
total soluble solids (TSS). It was obtained that the firmness decreased, the weight
loss increased; and color and TSS were maintained over the storage days at both
temperatures. The loss of firmness for the coated tomato fruit stored at 11 °C
was less than 1 N. On the other hand, the weight loss was less than 3 % and 8 %
for the controlled and ambient temperature stored fruit, respectively, on day 7. It
was concluded that the chitosan nanoparticles coating maintained a better pos-
tharvest quality of tomato, representing a natural alternative for the preservation
of this important horticultural commodity.

Keywords: Alternaria alternata, Iycopersicunm esculentum L., nanoparticles, weight
loss, firmness, color, postharvest preservation.
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1. Introduction

Tomato (Lycopersicum esculentum 1..) is the second important crop in Mexico
with high nutritional value and uses in traditional cooking [1, 2]. According to
data from the Food and Agriculture Organization of the United Nations Sta-
tistics Division (FAOSTAT), tomato represented 7.77 % of the export of the
country by 2021, with a production of 4,149,240.67 ton |3, 4|. However, during
storage, it is susceptible to various diseases caused by different microorganisms,
among them, fungi such as Alfernaria alternata that responsible for the black rot
disease and bacteria deteriorating its postharvest quality [5].

Nowadays, nanotechnology has allowed the elaboration of coatings, in which the
use of nanoparticles, enhances the fruit protection effect due to the highest surface
area to volume ratio of the nanostructures, improving their activity [6]. Chitosan is a
biocompatible and biodegradable polymer with a wide range of applications used for
the elaboration of nanostructured coatings [7]. On this subject, Gutiérrez-Molina ez
al. [8] reported a nanostructured coating with 30 % of chitosan nanoparticles to pre-
serve refrigerated tomatoes at 101 °C for 19 days. A weight loss of less than 13 %
and a color change of less than 5 % were observed compared to the control (uncoa-
ted fruit). Firmness did not change with the storage days. On the other hand, chitosan
nanoparticles (NPQs) and chitosan added with thyme essential oil (QS+NPTs) coa-
tings for different concentration of nanoparticles (15, 30 and 45 %) were evaluated
for controlling the bacterium Pectobacterinm carotovorum in tomatoes, stored for 7 days
at 10 °C having a relative humidity of c.a. 70 %. In this study, there were differences
in the variable color in fruit coated with QS+NPTs 30 %, especially in the luminosity
and chroma values on the inoculated tomatoes. Regarding the hue value, the highest
variation was for the fruit coated with QS+NPQs 45 %. For firmness, the lowest
loss was for tomatoes treated with QS+NPQs 15 %. The values of TSS presented
a difference between 3 and 5 % and of weight loss between 0.7 and 1.2 % [9]. The
aim of this study was to assess the effect of three nanostructured coatings based on
chitosan, chitosan-thyme essential oil and chitosan-propolis on the storage behavior
of tomato at controlled and ambient temperature measuring the quality variables of
weight loss, firmness, TSS, and color.

2. Materials and methods
2.1. Materials

The reagents used for nanoparticles’ elaboration (NPs) were medium mo-
lecular weight chitosan with a deacetylation degree of 75-85 % (Sigma-Aldrich
Corp., St. Louis, MO, United States) which was dissolved in acetic acid (Fermont,
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Monterrey, N.L., Mexico) and distilled water (0.05 %). For the incorporation
of the thyme essential oil (Essential Oils-Essencefleur, Mexico City, Mexico) or
the aqueous extract of propolis (10 %) (REDSA, Cuernavaca, Morelos, Mexi-
co) to the nanoparticles, methanol (JT Backer, Phillipsburg, NJ, United States)
and Tween 20 (Hycel, Zapopan, Jal., Mexico) were used. For the nanocoatings
elaboration, high molecular weight chitosan (América Alimentos, Zapopan, Jal.,
México) and deacetylation degree of 91 % (1 %) was used as matrix.

2.2. Methods

2.2.1. Nanoparticles elaboration

The nanoparticles were elaborated using the nanoprecipitation method [10].
Two phases were prepared, one aqueous and one organic. The aqueous phase
consisted of a solution of medium molecular weight chitosan (0.05 % w/v) in
a solution of glacial acetic acid and distilled water (1 % v/v). For the organic
phase, Tween 20 (1 %) was dissolved in 40 mL. of ethanol. The concentration of
both the essential oil of thyme and the aqueous extract of propolis added to the
organic phase was 5 %. Then, by using a peristaltic pump (MasterFlex, Vernon
Hills, IL, USA), 2.5 mL of the aqueous phase was added dropwise to the organic
phase, stirring for 10 min. Next, a rotary evaporator (model 300, Btichi, Flawil,
St. Gallen, Switzerland) was used to concentrate the NPs solution at 40 °C and
40 rpm. Final volume was 2 mL, being stored at 4 °C.

2.2.2. Nanocoatings elaboration and application

Based on 33 % chitosan nanoparticles (NPQ), chitosan-thyme nanoparticles
(NPT) or chitosan-propolis nanoparticles (NPP), 66.7 % of chitosan (1 %) and
0.3 % of glycerol (JT Backer, Phillipsburg, NJ, United States), three formulations
were elaborated and two controls were considered: inoculated tomato fruit with 4.
alternata C(+) and non-inoculated tomato fruit C(—). The coatings were elaborated
following the methodology of Gutiérrez-Molina e# a/. [10]. The order of compo-
nents addition was as follows: glycerol was added to chitosan (1 %) and mixed
using a homogenizer (Virtis, model 45, Los Angeles, CA, United States) for 5 min
at 10,000 rpm. Next, the NPs were added and stirred for another 5 min [11].

The tomatoes were purchased at a local market in Cuautla, Morelos. Fist, the
fruit were washed with distilled water and disinfected with a sodium hypochlorite
solution (3 %) for 3 min. They were rinsed again with water and the formulations



EFFECT OF CHITOSAN, THYME ESSENTIAL OIL, AND PROPOLIS BASED 127
NANOCOATINGS, ON TOMATO QUALITY DURING STORAGE AT CONTROLLED
AND AMBIENT TEMPERATURES

were sprayed on the fruit and allowed to dry. Then, disks of 5 mm of diameter
containing the fungus were placed inside 4 holes of 2 mm in diameter. The A.
alternata isolate was obtained from infected bell pepper and previously cultivated
in potato dextrose agar culture medium (PDA) (BD Bioxon, State of Mexico,
Mexico) for 7 days. The effect of the nanocoating was evaluated on fruit stored
at 11 £ 2 °C for 14 days and at 27£2 °C for 7 days.

2.3. Nanoparticles characterization by transmission electron mi-
croscopy (TEM) and dynamic light scattering (DLS)

NPs morphology was observed using a transmission electron microscope
(JEOL-JEM 2010, Tokyo, Japan) at an acceleration voltage of 200 kV placing
a drop of nanoparticles solution on a copper grid. IMAGE] software (National
Institutes of Health, Bethesda, MD, USA) was used to calculate the average par-
ticle size. For the particle size distribution measurement, a Zetasizer Nano-ZS90
(Malvern Instruments, Worcestershire, UK) was employed, placing 3 mL of the
NPs solution in a quartz cuvette. Before measurement, the NPs solution was
sonicated for 10 min.

2.4. Effect of nanostructured coating on tomato quality essays

2.4.1. Weight loss

To determine the tomato fruit weight loss, a portable digital scale (OHAUS,
Parsippany, NJ, U. S. A.) was used. The difference between the initial weight and
the final weight of the tomato fruit was calculated and expressed as percentage.

2.4.2. Firmness

The firmness was measured on both sides of the tomato fruit using a pene-
trometer (Lutron FR-5120, Coopersburg, PA, USA) and results were reported in
Newtons (N).

2.4.3. Total soluble solids (ISS)

For TSS determination, a drop of tomato fruit juice was placed in a refracto-
meter (Atago N-1E, Fukaya-shi, Saitama, Japan). The results were expressed as
percentage.
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2.4.4. Color

The color was measured in two opposite sides of the tomato fruit using a colo-
rimeter (Konica Minolta Sensing® 9992-995 BC 10, Chiyoda, Tokyo, Japan). The
results were expressed as hue angle (Hue=tan™! b*/a*), chromaticity (C*=V (a%)>+(b*)?)
and lightness (I*) [11].

2.5. Statistical analysis

The measurements for all variables were made in 5 fruit for treatment. The
data obtained from the experimentation were analyzed using the InfoStat softwa-
re (InfoStat, Sacramento, CA, 2018) with a double analysis of variance (ANOVA)
and Tukey’s mean comparison test (p<0.05).

3. Results and discussion

3.1. Nanoparticles characterization by transmission electron mi-
croscopy (TEM) and dynamic light scattering (DLS)

In Figure 1, the morphology of the nanoparticles can be seen. For the NPQ
a more homogeneous distribution is observed (Figure 1a). On the other hand,
the NPQ and NPP showed different sizes or possible agglomerates as seen in
Figures. 1b) and 1c¢), respectively. The nanoparticles range was between 3.8 and 6

nm as calculated by Image J.

Figure 1. TEM of a) NPQ, b) NPT, and ¢) NPP. NPQ=chitosan nanoparticles,
NPT=chitosan-thyme nanoparticles, NPP=chitosan-propolis nanoparticles.

Figure 2 shows the results of the DLS for the NPQ, NPT and NPP. A bimo-
dal distribution is observed for the NPQ (Figure 2a) with the smallest particles
in the range of 3.8 to 9 nm and the largest between 60 and 120 nm. Similarly,
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the NPT presented a bimodal distribution with two populations. The first was
between 8 and 15 nm and the second between 300 and 600 nm. Finally, the NPP
showed a larger particle size with a unimodal distribution between 220 and 2000
nm. According to Sreekumar ez a/. [12] the presence of the second peak with the
largest particle size may be related to aggregates. These results agreed with those
previously published by our research group [13 — 16]. A possible reason for the
formation of aggregates in the NPP coating could be related to the effect of
propolis loading. It has been found that non-encapsulated propolis attached to
the NPQ surface, increases the hydrophobicity and the interaction between NPQ
and propolis with their subsequent aggregation [17].
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Figure 2. Particle size distribution (d=diameter) for: a) NPQ, b) NPT, and c¢) NPP.
NPQ=chitosan nanoparticles, NPT=chitosan-thyme nanoparticles,
NPP=chitosan-propolis nanoparticles.
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3.2. Effect of nanostructured coating on tomato quality

3.2.1. Weight loss

In Figure 3, the weight loss of the tomato fruit refrigerated (Figure 3a) and
stored at ambient temperature (Figure 3b) are shown. In general, weight loss is
increased over time.
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Figure 3. Weight loss of tomatoes coated with NPQ, NPT, and NPP and two controls, and
stored at a) 1122 °C for 14 days and b) 2712 °C for 7 days. Error bars show the standard error
of the mean. NPQ=chitosan nanoparticles; NPT=chitosan nanoparticles encapsulating thyme

essential oil; NPP=chitosan nanoparticles encapsulating aqueous extract of propolis;
C(—)=fruit not inoculated; C(+)=inoculated fruit.

Regarding the refrigerated tomatoes (Figure 3a) on day 7, the weight loss was
between 2-3 %, less than for the tomatoes stored at ambient temperature. No
significant statistical differences (p<0.05) were found between formulations (not
shown). Moreover, the weight loss for coated tomatoes was lower than for the
controls. On the other hand, on day 14, the weight loss values were between
5-11 %, being 9 % less than the coated fruit. Similar behavior to fruit stored at
ambient temperature.

For the samples stored at ambient temperature for 7 days (Figure 2b), there
was a weight loss of less than 8 % for the coated fruit. The weight loss of the
coated tomato fruit was slightly lower than the controls, being higher for the ino-
culated tomato fruit, although no significant statistical differences were observed
(p<0.05). Among the coated fruit, the highest weight loss was for NPP, then for
NPT and finally for NPQ, However, the values were similar. Therefore, there was
no significant weight loss of the fruit during the storage period.



EFFECT OF CHITOSAN, THYME ESSENTIAL OIL, AND PROPOLIS BASED 131
NANOCOATINGS, ON TOMATO QUALITY DURING STORAGE AT CONTROLLED
AND AMBIENT TEMPERATURES

Refrigeration of fruit and vegetable is a technique that has been used over the
years to preserve the horticultural products for an extended time [18]. Kibar ¢ a/.
(2018) [19] used 0.5, 1.0 and 2.0 % chitosan solutions to extend the postharvest
quality of tomatoes stored at two different temperatures (at 5 °C with relative
humidity of c.a. 90 % and at 21 °C with relative humidity of c.a. 65 %). There
was a reduction in weight loss for the chitosan-coated tomato fruit with a more
evident effect for the solution with a concentration of 1 % having a weight loss
value of less than 2 % after 10 days of refrigerated storage and with a loss of less
than 4 % after 7 days of storage at ambient temperature. Also, a higher percen-
tage of weight loss was observed for the non-coated fruit. This is related to the
barrier property of the coating on the fruit that prevents further dehydration and
therefore the weight loss [20]. Azmai e# a/. (2019) [21] found weight loss values
for tomatoes stored at ambient temperature for 12 days at concentrations of
0.5, 0.75 and 1 % of chitosan of 7.5, 6.7, and 7.2 %, respectively, and of 6.5 %
for the untreated tomatoes. These values were lower than those obtained in this
present research for a longer storage time perhaps because of the degree of ripe-
ning (just changing color from green to red) of the tomato used by cited authors.
For tomatoes refrigerated at 6 °C and coated with chitosan solutions at different
concentrations, Sucharitha e# /. [22] reported tomato weight loss of about 0.54,
1.3 and 3.9 % with concentrations of 0.25 %, 0.5 % and the control, respectively,
after 6 days of storage. Similar to this study, values of 2-3 % for the coated fruit
and higher than 3 % for controls were obtained with a lower value of weight loss
of the coated fruit compared to the control. On the other hand, Mustafa ez a/.
[23] reported a weight loss of 7 % for fruit stored at 15 °C with a R.H. of c.a. 80
% using a coating based on chitosan particles of 400, 600, and 800 nm, after 20
days of storage. A similar value obtained for the 14 days of storage of this work.

Compared with our previous research where nanostructured coatings were
used, for tomatoes stored for 7 days at 10 °C, a weight loss of less than 2 % was
obtained for NPQ coated fruit at different concentrations of nanoparticles in
the formulation (15 %, 30 %, and 45 %). For the NPT coated fruit and the same
concentrations, the weight loss was also less than 2 % [14]. On the other hand,

for tomatoes refrigerated at 10 °C, the weight loss value for coated fruit with
NPQ (30 %) was less than 3 % on day 8 of storage [8].

Firmness results are shown in Figure 4. For the tomato fruit stored at con-
trolled temperature (Figure 4a) and ambient temperature (Figure 4b) there was a
decrease in firmness over time. The decrease in firmness with ripening in tomato
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is attributed to moisture loss due to transpiration and enzymatic changes. These
changes cause cell wall deterioration in tomato tissues [24].
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Figure 4. Firmness of tomatoes coated with NPQ, NPT, and NPP and two controls stored at:
a) 1142 °C for 14 days and b) 2712 °C for 7 days. Different letters show statistical differences
between formulations (upper case letters) and between days (lower case letters) calculated by
ANOVA and Tukey’s test (p<<0.05). Initial firmness value=11.720.8 N. Error bars show the
standard error of the mean. NPQ=chitosan nanoparticles; NPT=chitosan nanoparticles en-
capsulating thyme essential oil; NPP=chitosan nanoparticles encapsulating aqueous extract of
propolis; C(—)=fruit not inoculated; C(+)=inoculated fruit.

The loss of firmness was lower for the refrigerated fruit (Figure 4a). On
day 7 of storage the same trend was observed, with similar values. The highest
loss of firmness was for the NPP coated tomato fruit (A=0.89 N), followed by
the NPT-coated one (A=0.86 N), and finally for the coated NPQ tomato fruit
(A=0.83 N). The uncoated tomato fruit showed a higher loss of firmness, with
a variation of approximately 1 N for both controls. On day 14 the same trend
was observed as for day 7. However, there was a higher difference in loss of
firmness, almost approximately 3 N with higher values than the non-refrigerated
fruit, although no significant statistical differences were found (p<<0.05). For the
tomatoes stored at ambient temperature (Figura 4b), the highest loss of firmness
was for NPP coated fruit with values decreasing from 11.1 N to 9.4 N (A=1.63 N),
followed by NPT coated fruit with values from 11.5 N to 10.1 N (A=1.44 N), and
finally, for those coated with NPQ from 12.0 N to 10.8 (A=1.22 N). The controls
showed a higher loss of firmness, being this value higher for the inoculated fruit
with a variation of A=2.18 N compared to the non-inoculated fruit (A=2.32 N).

Firmness values were higher than those for the coated tomato. For both storage
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conditions, no significant statistical differences were observed (p<0.05) among
coatings and during storage the days.

In a previous work [14], after 7 days at 10 °C, firmness values between 17 and 24
N were obtained in fruit refrigerated for different NPQ and NPT concentrations
(15, 30, and 45 %) in the coating. For the controls, values were 18.8 N for C(—)
and 28.5 N for C(+). Similatly, in other study, for tomatoes stored at 10 °C, on day
8, firmness values of 22 N were obtained for coated fruit (30 % of nanoparticles)
compared to the initial value of 20 N [8]. A slight change in the value of firmness
was observed like the values obtained in this research for tomatoes stored at con-
trolled temperature. The difference between those values and the values obtained
in this work is related the ripening grade of the fruit. In another study, for coated
tomatoes with chitosan (0.5, 1, and 2 %) Kibar ez a/. [19] reported an initial firmness
of 20 N for fruit stored at 5 °C and at 21 °C. For fruits stored at ambient tempera-
ture on day 7, the values of firmness were between 8 and 11 N for the coated fruit
and of 12 N for the control fruit. Final values between 13 and 17 N were obtained
for the coated refrigerated fruit and of 16 N for the control. The loss of firmness
was lower for refrigerated fruit like the reported in this research. However, the
variation of firmness with storage was higher. However, the. On the other hand,
Azmali et al. |21] reported variations of firmness values of A=1.8 N for tomatoes
stored at ambient temperature for 12 days treated with 0.5 % chitosan coating
and of A=1.1 N for chitosan concentrations of 0.75 and 1 %, with a progressive
decrease in firmness with storage time. For the control, the firmness variation was
much higher (A=0.5 N). Except for the control, the results of the coated fruit were
similar to those obtained in this work.

In Figure 5, the TSS data is shown. In both cases, no differences between treat-
ments and storage days were observed as well as statistical differences (p<<0.05). For
the refrigerated fruit (Figure 5a), the values were between 4.0 % and 4.2 % for the
coated tomatoes with a value of 4.2 % for C(—) and 4.0 oBrix for C (+) on day 7.
On day 14, the values were between 4.0 % and 4.1 % for the coated tomato fruit
and 4.0 % for C(—) and 4.1 % for C (+) on day 14. At ambient temperature (Figure
5b), the values for the coated tomato fruit ranged between 3.9 % and 4.0 % and for
the controls they were 3.8 % for C(—) and 4.0 % for C(+) for day 7.

In previous work carried out on NPQ coated tomatoes and stored for 7 days
at 10 °C, the TSS value reported for NPs concentrations of 15, 30, and 45 %
were between 3 % and 4 % and for fruit with NPT coatings a value of 4 %
was found, like those obtained in this work [14]. For fruit stored at ambient



134 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

temperature for 12 days with chitosan coating of 0.5 %, 0.75 %, and 1 %, Azmai
et al. [20] obtained values between 3.2 % and 3.8 % for the coated fruit and of
3.3 % and 3.4 % for the controls without significant variations of these values
with storage time. Sree ¢z a/. [25] obtained values between 4-4.5 % after 7 days of
storage for fruit coated with chitosan at 0.5 %, 1 %, 2 %, and 2.5 % and 4.2 %
for the control, although there was a tendency to increase this value over storage
time. In this work, values similar to those reported by these authors were obtai-

ned, without significant variations during storage time.
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Figure 5. Tomatoes TSS coated with NPQ, NPT, and NPP and two controls, and stored at:
a) 11£2 °C for 14 days and b) 2722 °C for 7 days. Different letters represent statistical
differences between formulations (upper case letters) and between days (lower case letters)
calculated by ANOVA and Tukey’s test (p<<0.05). Initial TSS value=4.0 oBrix. Error bars show
the standard error of the mean. NPQ=chitosan nanoparticles; NPT=chitosan nanoparticles
encapsulating thyme essential oil; NPP=chitosan nanoparticles encapsulating aqueous extract
of propolis; C(—)=fruit not inoculated; C(+)=inoculated fruit.

In Figure 6, the results for chroma, hue, and luminosity color parameters
for tomatoes stored controlled temperature (Figures 5a, b, ¢) and ambient tem-
peratures (Figures 6d, 6e, 6f) can be seen. No significant statistical differences
(p<0.05) were observed between treatments or for the storage days; therefore,
the color variation in the fruit was not affected by the application of the coating;
This could be associated with the harvesting ripening stage of the tomato (full
red) [26, 27]. Compared to previous works published by our group, for tomatoes
stored at 10 °C for 7 days, the values between 29-31 for chroma, 48-54 for hue
and 37-39 for luminosity were for tomatoes with NPQ coatings (15, 30, and
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45 %) and between 26-29 for chroma, 47 for hue and between 37-38 for lumino-
sity for tomatoes coated with NPT (15, 30, and 45 %) [14].

On the other hand, Gutiérrez-Molina e7 al. [8] reported values of luminosity
between 39-45, similar to those reported in this present research. Also, Suchari-
tha ez a/. [22] found no differences with the storage days in coated tomatoes with
0.25 % and 0.5 % of chitosan solutions and stored for 30 days at 5 °C, similar

data to that obtained in this research.
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Figure 6. Change of tomato color coated with NPQ, NPT, and NPP and two controls C (+)
and C(—), stored at 11 °C%2 for 14 days: a) chroma C*, b) hue angle h, and c) lightness I* and
at 27 °Cx2 for 7 days: d) chroma C¥*, ¢) hue angle h and f) lightness L*.
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Different letters represent statistical differences between formulations
(upper case letters) and between days (lower case letters) calculated by ANOVA
and Tukey’s test (p<<0.05). Initial chroma value= 8.76%1.27. Initial hue va-
lue=40.0£2.5. Initial luminosity value=40.81+0.5. Error bars show the standard
error of the mean. NPQ=chitosan nanoparticles; NPT=chitosan nanoparticles
encapsulating thyme essential oil; NPP=chitosan nanoparticles encapsulating
aqueous extract of propolis; C(—)=fruit not inoculated; C(+)=inoculated fruit.

4. Conclusions

From DLS measurements the NPQ showed the most homogeneous distri-
bution. On the overall, the nanoparticles were spherical in shape according to
TEM observation. Considering the quality essays, the most effective coating for
tomatoes preservation was the NPQ followed by the NPT and NPP due to lower
weight loss and loss of firmness for the refrigerated and ambient temperature
stored tomato. No significant changes were observed for color change or TSS. It
would be useful to carry out microbiological tests considering variables such as
severity and disease incidence to achieve a whole evaluation of the performance
of nanocoatings. It will be the subject of further research.
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Abstract

In this work, riboflavin (vitamin B)) was encapsulated in a matrix of alginate,
chitosan, and a combination of both polymers, and the morphological properties
of the nanocapsules and the release of riboflavin were studied. The nanocap-
sules were obtained through a nano spray dryer using alginate, and chitosan as
protection or wall material, the concentration of the fed solution was 0.125 %
(w/v) of each polymer with a 4 pm microfilter at a temperature of 120 °C. The
structure of the nanocapsules was observed by Scanning Electron Microscopy
(SEM), the SEM images were used to estimate the size of the nanocapsules by
the image analysis methodology with Image]. The average size of the nanocap-
sules was 500-700 nm, observing a homogeneous spheroidal morphology. The
interaction of the nanocapsules was determined using a nanozetasizer. The Z
potential () of the alginate-chitosan nanocapsules ranged from 3.50 to 3.75 mV.
The interaction of the carboxyl group (-COO) of alginate with the amino group
(-NH’") of chitosan was observed by using FT-IR spectroscopy. In addition, the
release of riboflavin was evaluated in an in-vitro system, showing that the algina-
te-chitosan mixture released riboflavin within the first 30 minutes.

Keywords: Nano drying, alginate, chitosan, nanoencapsulation, riboflavin,
release.
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1. Introduction

Vitamins are essential bioactive compounds for good health, they are defined
as a group of micronutrients that are not usually synthesized by the human body
[1]. Currently, there are more than 18 compounds classified as vitamins, divided
into two large groups: fat-soluble (A, D, E, and K) and water-soluble such as
thiamine (B)), riboflavin (B,), niacin (B,), pantothenic acid (B,), pyridoxine (B,),
biotin (B.), folic acid (B,), cyanocobalamin (B,)) and C [2 — 4]. Vitamin deficiency
can lead to serious diseases, such as scurvy, beriberi, ariboflavinosis, dermatitis,
enteritis, and blindness, therefore, the consumption of vitamins is necessary to
regulate metabolism and prevent diseases [5]. Riboflavin (vitamin B)) is soluble
in water and stable in acidic solutions [6 — 8] but can be degraded in alkaline
solutions and is sensitive to light [9], non-toxic [10], and biocompatible [11]. The

molecular formula of riboflavin is C_H, N O, and it consists of a heterocyclic

isoalloxazine ring attached to the sugar azlocohol ribitol, this molecule has a mole-
cular mass of 376.36 g/mol (Figure 1). Riboflavin is used in food additives and
supplements such as dyes and nutrients for human health [8], riboflavin is found
in legumes, asparagus, spinach, lettuce, broccoli, cabbage, cereals, milk, eggs, and
meat [12]. However, the obstacle that prevents the commercial use of riboflavin
in the food industries its photosensitivity at a wavelength of 445 nm, causing a

degradation of 79.9 % during the first 20 minutes [13, 14].
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Figure 1. Chemical structure of riboflavin and its active forms, a) riboflavin;
b) riboflavin phosphate (FMN); ¢) flavin adenine dinucleotide (FAD)

Encapsulation is a process used in the food and pharmaceutical industry to
preserve bioactive compounds from environmental factors such as humidity, air,
oxygen, light, and pH, increasing the useful life of the products [15]. The most
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widely used biopolymers in the food and pharmaceutical industry are starch, pec-
tin, maltodextrin, gelatin, alginate, cellulose acetate, ethyl cellulose, gum aarabic,
K-carrageenan and chitosan [16 — 18]. Encapsulation can be carried out by nano
spray drying, obtaining micro and nanometric scale particles. This technique is used
in the food industry to transform liquids (solutions, suspensions, and emulsions)
into solid powders such as milk, coffee, tomato, and glucose [19 — 22]. Nanoen-
capsulation performs nutrient entrapment at the nanoscale, providing much higher
nutrient uptake and transport compared to microencapsulation [23, 24]. Therefore,
the objective of this work was to develop riboflavin nanocapsules using alginate
and chitosan as wall material. In addition, its morphology and particle size were
characterized, and the controlled release of riboflavin was evaluated.

2. Methodology
2.1. Materials and methods

The materials used in the riboflavin nanoencapsulation were sodium algi-
nate purchased by Sigma S.A. C.V. (Mexico), low-density chitosan, purchased
from Sigma S.A. C.V. (Mexico), glacial acetic acid (ACS) provided by Fermont
(Productos Quimicos Monterrey S.A. C.V.) and riboflavin as active compound,
purchased from Sigma S.A. C.V. (Mexico).

2.2. Preparation of the solutions

The solutions of the biopolymers from alginate and chitosan were prepared at a
concentration of 0.125 % (w/v) separately, and then they were homogenized for 5
minutes using an ELMA brand (Germany) model D-78224 ultrasound equipment,
with a frequency of 25 kHz. Finally, 0.185 mM M riboflavin was added.

2.3. Riboflavin nanoencapsulation by nano drying

Riboflavin nanoencapsulation was carried out using the Nano Spray Dryer
B-90 brand equipment (BUCHI, Switzerland), keeping the temperature at 120 °C
according to the methodology reported by Kyriakoudi and Tsimidou [26]. The
ratio of the concentration of alginate and chitosan was 0.125 and 0.25 % (w/v),
respectively. The polymer solutions were fed to the nano dryer by a peristaltic
pump at a flow rate of 7.5 ml/min using a nozzle of 4 pm.
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2.4. Zeta potential

The Z potential ({) of the nanocapsules was determined using a Nano Zeta-
sizer ZS unit (Malvern Instruments Ltd., Malvern, Worcestershire, UK), coupled
to a Doppler laser velocimeter. The interaction of the nanocapsules was deter-
mined according to the methodology described by Porras ez a/. [27]. The samples
were diluted to 43uL. and placed in a cell with 2 electrodes that allowed the deter-
mination of the electrostatic charge of the particle.

2.5. Characterization of nanocapsules by scanning electron micros-
copy (SEM)

The morphology and size of the nanocapsules were analyzed using a scanning
electron microscope (JSM-LV6390 JEOL, Japan). Samples were silver coated by
sputtering (Desk IV, Denton Vacuum, USA) and viewed at 10,000 to 15,000X
magnification establishing an accelerating voltage of 20 KV.

Furthermore, a study of nanocapsules stability was performed, changes were
observed in the SEM and this process was carried out incorporating alginate and
chitosan nanocapsules at different humidity environments of 33, 75 and 93 %,
for 24 hours.

2.6. Fourier Transform Infrared (FTIR)

The FTIR spectra were obtained by means of a FTIR-spectrophotometer
(Shimadzu Fourier Transform Infrared Spectrophotometer IRAffinity-1, Cor-
poration Kyoto, Japan). For each sample 32 scans were performed in a range of
wavelengths from 400 cm™ to 4000 cm™ and a resolution of 4 cm™ using a 36X
objective with a 2 mm diameter diamond crystal.

2.7. Riboflavin release

To release riboflavin, 0.015 g of the nanocapsules were taken and placed in a
2000 Dalton dialysis membrane, 11.5 mm in diameter, with a volume of 2.0 ml
of distilled water. The riboflavin was released by adding a volume of 50 ml. The
released concentrations of riboflavin were measured by UV-Vis spectroscopy
(Multiskan GO from Thermo Scientist, Japan) at a wavelength of 200-450 nm
following the modified methodology described by Abraham [28].
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2.8. Design of experiments and statistical analysis

Experiments were performed using a 2k factorial design (k=3). Significant
differences (p<0.05) were verified by ANOVA using Design Expert software
(version 7.1.6, Minnesota, USA). All measurements were performed by triplicate.

3. Results and discussion
3.1. Alginate-chitosan interaction at different pH

The { potential is a measure of the stability of the nanocapsules, particles
with a zeta potential greater than +30 mV and less than —30 mV are considered
generally stable [29, 30]. In addition, the { potential also provides information
on the surface charge of the nanocapsules. Figure 2 shows the effect of pH on
the { potential of polymeric materials. In the alginate-chitosan solution, the {
potential values reached their greatest interaction, allowing an adhered and re-
sistant structure. The greatest interaction between alginate-chitosan was with an
electrical potential of -35 mV for alginate and 35mV in chitosan at pH 3.3. The-
se results contributed to the formation of nanocapsules as observed in (Figure
3). Azevedo et al. [30], reported similar values (=30.9£0.5 and —29.620.1 mV)
for nanoparticles without and with riboflavin, respectively, indicating that from
these values the nanoparticles have good stability [29]. The zeta potential values
are significantly different (p<<0.05), which shows that the riboflavin charge can
influence the { potential of the nanocapsules; this behavior is generated by the
positive charge of riboflavin in solutions at low pH [31].
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Figure 2. Variation of electrostatic charges as a function of pH for alginate-chitosan.
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3.2. Morphology of riboflavin (vitamin B,) nanocapsules

The nanocapsules were analyzed by SEM showing a spherical morphology
(Figure 3) with an average size of 514.41+161.74 and 572.98+323.35 from algi-
nate and chitosan, respectively. The average size of nanocapsules with riboflavin
was 493.871£161.74 nm and 615.94 & 168.80 nm when alginate and chitosan were
used as a wall material, respectively, while alginate-chitosan-riboflavin nanocap-
sules were an average size of 621.06+270.94.

The sizes vary depending on the polymer that is being used, it is observed that
when incorporating riboflavin, the size of the chitosan nanocapsules increases,
however with alginate the size decreased, this may be due to a greater interaction
of riboflavin and alginate, developing more compact nanocapsules after drying.

Compared to other works using similar biopolymers, the size of nanocapsules
developed proved to be according to those reported by other authors, which ran-
ge between 700 and 4000 nm [32, 33]. On the other hand, Goycoolea ¢z al. [34]
reported that insulin-loaded alginate/chitosan nanoparticles ranged from 200 to
300 nm. Furthermore, Sarmento e7 /. [35] indicated that when the pH decreases
from 5.2 to 4.7, the mean particle size decreased. However, an important part of
the alginate initiates an aggregation process which may contribute to the increase
in mean particle size [35, 36]. Besides Goycoolea ¢f a/. [34] and Sarmento ef 4.
[35], observed that the alginate load increase could contribute to the instability of
the nanocapsules and, consequently, increase their size.

Figure 3. Micrographs of nanocapsules a) alginate; b) chitosan; c) alginate-chitosan.

On the other hand, Figure 4 shows the differences in the stability of the na-
nocapsules at different humidity levels (33 and 75 %) for 24 h. Therefore, it is
observed that alginate and chitosan nanospheres are stable up to 75 % humidity
in the first 24 hours of exposure, however at 93 % humidity the nanospheres of
alginate (figure not shown) and chitosan were hydrated and agglomerated.
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Figure 4. Micrographs of the nanocapsules at different humidity percentages after 24 h,
stability analysis.

3.3. FTIR

FTIR was used to characterize the intermolecular interactions between algina-
te-chitosan-riboflavin. The spectra of the alginate-chitosan-riboflavin combination
are shown in Figure 5. In the spectrum, the peaks of the carboxyl group of the
alginate can be observed near 1605 cm™ due to its symmetrical shape and stretch
vibration (COO7). However, at 1414 cm™ the asymmetric presence and stretching
vibration of the COO- are manifested. The chitosan spectrum shows a protonated
amino peak at 1562 cm™, this peak agrees with that reported by Sarmento ez al. [35]
and Neiras e/ a/. [38]. The chitosan- alginate interaction shows a displacement in the
amino group at 1562 cm’, in addition, the presence of the carbonyl group (C=0)
is observed due to the C6 stretching of the primary alcohol expressed in the 1069
cm’' peak, this peak agrees with that reported by Thawatchai ez /. [39]. Sarmento
¢t al. |35] reported that chitosan under 75 % deacetylation conditions presents a
spectral peak of 1641 cm™ corresponding to the amide bond. The interaction of
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alginate-chitosan in the nanocapsules was expressed in the 1579 cm™ peak, charac-
teristic of the amide groups that are formed in both polymers [39, 40]. The spectral
peaks observed in the alginate-chitosan-riboflavin combination at 2916-3000 cm™
are attributed to the stretching vibration of the —OH group. This peak often over-
laps with the N- H bond of the amino group. The peaks observed ranged from
1579, 1410, and 1033 cm™ and are attributed to C-O stretching vibration asymme-

try and C-O symmetry of chitosan, respectively [41].
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Figure 5. Infrared spectra of the alginate-chitosan-riboflavin combination.
3.4. Riboflavin release

Riboflavin release evaluation was performed for each biopolymer: alginate,
chitosan, and their combination, separately. Release of alginate-encapsulated ribo-
flavin began within the first hour (Figure 6a). After the first hour, a linear release
trend was observed until the third hour, therefore, no significant change was obser-
ved, achieving a stable concentration in the solution within a release rate of 0.1215
mM/min. In the chitosan nanocapsules (Figure 6b) the release of riboflavin was
observed after 20 minutes and after three hours the highest riboflavin release rate
was reached (0.2064 mM/min). Likewise, in the biopolymer mixture (Figure 6¢) a
linear trend was observed starting at 30 minutes up to 3 hours and later reaching a
maximum release rate of riboflavin of 0.1746 mM/min.

According to Azevedo e# al. [30], in the transport mechanism for the release
of riboflavin, not only the Bro5wnian movement is involved, that is, it does not
follow the Fick behavior, but it is more related to the relaxation phenomenon,
also called Case II transport. Thomas e al. [37] proposed a strong dependence
of the solubility parameter and diffusion coefficient on concentration. Howe-
ver, they recognized that some independent material property must control the
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velocity of the front and suggested time-dependent rupture and disentanglement
of molecular chains as possible processes. This phenomenon may result in the
loss of the structure of the nanocapsules with a more rapid release of ribo-
flavin. When alginate/chitosan nanoparticles are mixed, the negatively charged
carboxylate groups of the alginate begin to protonate to form uncharged COOH
groups. It reduces the degree of electrostatic interactions between the alginate
and chitosan chains within the nanocapsules [32, 37].

4. Conclusions

In this work, it was possible to form nanocapsules with homogeneous spheroi-
dal morphology with a size of 500-700 nm through nano spray drying. Chitosan
nanocapsules showed the fastest release of riboflavin with a release rate of 0.206
mM/min, compared to the mixture of alginate-chitosan. On the other hand, the
alginate-chitosan nanocapsules presented a higher retention at 30 minutes with
retention (0.175 mM/min). It indicates that a mix of alginate-chitosan allows a
more delayed release than chitosan nanocapsules.
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Abstract

Glycerol, also called glycerin, propanetriol or trihydroxypropane, is an alcohol
with three -OH groups, which is obtained as a by-product in the production of
biodiesel and is currently generated in quantities that exceed demand. In addi-
tion, crude glycerol causes significant pollution, as it contains methanol residues,
which can be toxic to organisms present in aquifers. Glycerol can be transformed
into other value-added products by chemical or enzymatic catalysis. Its transfor-
mation by electrochemical route is more attractive since it can be applied to the
development of alkaline direct glycerol fuel cells (ADGFC). Transition element
metal nanoparticles and some of its metallic oxides are commonly used as elec-
trocatalysts in the anode of ADGFCs due to their high chemical stability and
excellent catalytic activity. Therefore, the present work deals with the synthesis
of metal nanoparticles of Gold, Platinum, Nickel and their bimetallic combina-
tions to study their electrocatalytic activity in the oxidation of glycerol and to
analyze their potential application in the development of ADGFC fuel cells. The
electrocatalytic properties of metal nanoparticles were evaluated by using cyclic
voltammetry and chronoamperometry coupled to ATR-FTIR spectroscopy (At-
tenuated Total Reflection- Fourier Transform Infrared Spectroscopy).

Keywords: Metal nanoparticles, alkaline glycerol fuel cells, glycerol oxidation,
Chronoamperometry coupled to ATR-FTIR.
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1. Introduction

Glycerol (C,H,O,) is an alcohol with three hydroxyl groups, at room tempe-
rature it has a viscous, colotless appearance, is odotless, hygroscopic, insoluble in
hydrocarbons and has a slightly sweet taste, commercially known as Glycerin. It
is a pH-neutral substance (does not release hydronium or hydroxyl cations when
dissolved in water) and is chemically stable under stable storage and handling
conditions [1, 2]. It has a boiling point at 290 °C, at this temperature it decom-
poses generating Acrolein (a highly toxic compound). Generally, glycerol is used
in medical preparations, pharmaceuticals, cosmetics, food additives and various
products such as glycolic acid, oxalic acid, acetic acid, formic acid, glyceric acid,
dihydroxyacetone, tartronic acid, and hydroxypyruvic acid. Glycerol has had a
growing production over the years, since it is a by-product in the manufacture
of biodiesel, therefore, due to these large volumes generated, which are greater
than those demanded are, it has become an important pollutant of wastewater
and aquifers [3, 4].

The development of Alkaline Direct Glycerol Fuel Cells (ADGFCs) is quite
attractive given their high energy density whose theoretical value is close to 6.4
kW*h/L, which is advantageous in its application since it also reduces its envi-
ronmental impact by transforming it into additional value-added products. The
main challenge in the commercialization of ADGFC cells lies in the kinetics of
the glycerol oxidation reaction, i.e. the breaking of covalent C-C bonds and its
complete oxidation to CO, [5, 0].

Due to their chemical stability and high catalytic activity, Pt nanoparticles are
commonly used in research works dealing with primary anode electrolysis of
ADGFCs. However, Pt is a naturally scarce and expensive material and suffers
from CO poisoning [7]. Moreover, the technological development leading to the
commercialization of Anion Exchange Membrane-Direct Glycerol Fuel Cells
(AEM-DGFCs) is slowed down by technical issues such as high platinum group
metal loading on the anode electrode, low selectivity and poor long-term stability
of the catalyst. In addition, the electrooxidation of glycerol conducted by plati-
num metal leads to the formation of several by-products, which are associated
with multiple reaction steps. For example, several works report the formation
of C3 products such as glyceraldehyde, dihydroxyacetone, tartronate, glycerate
and mesoxalate; C2 products such as glycolate, glyoxylate and oxalate; and C1
products such as formate and CO,* [8 —12]. In this sense, international research
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groups focused their works on optimizing the catalyst chemical composition,
particle size and morphology, structure and metal-support interaction to achieve
excellent electrocatalytic performance of the glycerol oxidation reaction in an
alkaline environment [13 — 17]. For instance, an alternative approach is the use
of Pt catalysts modified with other metals such as Pd, Cu, Au, Ag and Sn, or by
combining with metal oxides such as NiO, CuO, MnO, and CeO, [18 — 25].

Among the above-mentioned metals, nickel is a low-cost and earth-abundant
element, and its crystalline structure and lattice parameters are comparable with
those of platinum, thereby allowing the facile formation of well-defined alloyed
structures. Thus, in this work we focused on the study of the electrooxidation
of glycerol using bimetallic PtNi nanoparticles in alkaline medium. The results
obtained with this material are compared with those obtained using gold and pla-
tinum nanoparticles. Electrochemical kinetic of glycerol oxidation was evaluated
by means of cyclic and linear hydrodynamic voltammetry techniques.

2. Experimental

2.1. Materials and reagents

Sodium Borohydride NaBH, (Fluka Analytical 299.0 %, Lot # STBC6399V),
Sodium citrate tribasic dehydrate Na,C H.O_¢ 2H O (Sigma-Aldrich 299.0 %,
Lot # SLBP0031V), Gold (III) Chloride Trihydrate HAuCl, * 3H,0 (Sigma-Al-
drich 299.9 % Lot # MKCJ4933), Potassium lodide KI (Baker 299.0 % Lot
# A39C76), Nickel (II) nitrate hexahydrate Ni (NO,), * 6H,O (Sigma-Aldrich
=97.0 % Lot # BCBR5231V), Chloroplatinic acid hexahydrate H,PtCl ¢ 6H,O
(Sigma-Aldrich 299.9 %), Vulcan Carbon Black VXC-72R (Gently furnished by
Quimica Rana S.A. DE C.V. Lot # 4267369, Mizu Técnica), Silice < 0.5, Isopro-
pilic alcohol (ACS FERMONT, 99.9 % Lot # 039131), Nafion™ 117 containing
solution ~5 % in a mixture of lower aliphatic alcohols and water (Sigma-Aldrich
Lot # BCCF9827). The chemical reagents were used as received and all solutions
were prepared using bidestilled and deionized water.

2.2. Catalysts preparation
For the preparation of Pt-Ni nanoparticles supported on carbon, a two-step

method was used. In a first step, a volume of 160 ul. of 0.1 M Ni (NO,), solution
and 260 pL of a platinum standard solution of concentration 0.0025 g/ml were
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added to a beaker containing 10 mL of deionized H,O. This mixture was placed
on a magnetic stirring plate and stirred with the aid of a magnetic stir bar. Then,
0.005 g of Vulcan charcoal was added into the solution and stirring was conti-
nued until a homogeneous dispersion was obtained. A volume of 250 uLL of 0.1
M sodium citrate was then added as surfactant. Finally, a volume of 250 ulL. of
reducing agent sodium borohydride was added. The solution was left to stir for
30 minutes and the resulting dispersion of carbon nanoparticles was poured into
test tubes and centrifuged for 20 minutes to separate the supernatant. The mate-
rial with the NPs was washed repeatedly with absolute ethanol. In a final step the
carbon supported metal particles were centrifuged and dispersed in only 1 mL
of absolute ethanol. This dispersion was used to prepare an ink that was placed
on the surface of a rotating glassy carbon disk electrode for electrocatalytic study
of the material. The ink was prepared by mixing 250 ul. of the nanoparticles
dispersion with 50 uL. of Nafion and 150 uL of acetone. The mixture was homo-
genized in an ultrasonic bath by sonicated for a time of 10 minutes.

In order to compare the electrokinetic performance of Pt-Ni bimetallic particles,
Pt and Au metallic nanoparticles were also synthesized. The synthesis of Pt particles
supported on Vulcan carbon was performed in a similar manner than PtNi catalyst
by adding only the corresponding volume of precursor solution. On the other hand,
and like the synthetic route of bimetallic particles, a volume of 250 uL. of a 0.01 M
HAuCl, aqueous solution was used for the synthesis of Au nanoparticles.

2.3. Working electrode preparation

The surface of a disk carbon glass of 1.2 cm? diameter was used as substrate for
the electrochemical test. First, the carbon electrode was previously polished with
a commercial silica alumina solution (Masterpolish) and after this, the surface was
then rinsed with distilled water and with isopropyl alcohol. The dry and clean elec-
trode was weighed on an analytical balance and then coated with 50 pL. of the ink
containing carbon supported nanoparticles. The solvents of the ink were evapora-
ted, and the electrode was coated a couple of times with the ink. Once the excess
of solvents was evaporated the coated electrode was used for electrochemical test.

2.4. Electrochemical Test and Product Analysis

Cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)
were carried out on an AUTOLAB potentiostat/galvanostat PGSTAT302 N, in
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a three-electrode configuration cell using an ink-coated glass carbon electrode
as the working electrode, a platinum wire as the counter electrode, and a Silver/
Silver Chloride (Ag/AgCl) as the reference electrode in a 0.1 M KOH aqueous
electrolyte. For Cyclic Voltammetry (CV): scans were performed in the potential
range from -0.7 to + 0.5 V vs SHE.

Chronoamperometry coupled to ATR-FTIR spectroscopy was used to
analyze glycerol oxidation products. This test was carried out on an AUTOLAB
potentiostat/galvanostat PGSTAT302 N but with a different cell arrangement.
A custom-made three electrode cell that fitted on top of the ATR crystal was
machined from polytetrafluoroethylene (PTFE) fitted with a glassy carbon rod as
counter electrodes and quasi-reference. The working electrode was a 3 mm dia-
meter graphite electrode (GE). Since inorganic nitrate ions provide a broad and
intense IR band near 1400 cm™, resulting from out-of-phase stretching for nitra-
te-containing compounds, for these spectro electrochemical tests the electrolyte
was 0.1 M KOH electrolyte, since the spectrum obtained will not have interfering
bands. It is indeed worth mentioning that a background was subtracted before
collecting the ATR-FTIR scans. An aqueous solution containing 0.1 M KOH
electrolyte was degassed beforehand under sonication for 20 min, and then N,
was bubbled into the electrolyte for 20 minutes to purge O,. This N -saturated
solution was transferred to the custom-made PTFE three-electrode cell and a
background spectrum was collected at this point.

2.5. Structural samples characterization

The morphology of the samples was observed using a transmission electron
microscopy (JEM-ARM200CF) which was operated in TEM or STEM mode
with acceleration voltages of 80—200 kV. It was installed with a cold electron gun
cathode and spherical aberration corrector for the STEM mode. The microscope
had coupled detectors for surface chemical analysis of the selected area by X-ray.

3. Results and discussion
3.1. Electrocatalytic activity of gold nanoparticles (Au-NPs)
The Au-NPs were applied as a conductive ink on a glassy carbon disk electro-

de as described in the experimental part and adapted as a working electrode in a
three-electrode electrolytic cell. An Ag/AgCl electrode was used as reference and
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a platinum wire as auxiliary electrode. 0.1 M KOH solution was placed in the cell
as the supporting electrolyte and saturated with nitrogen gas to displace dissolved
oxygen. After purging with N, gas, a voltammogram was plotted starting from an
initial potential (Ei) of -698 mV to an intermediate potential (E,) of +500 mV
(anodic sweep) from which the direction of the applied potential was reversed
in the cathodic direction to a final potential value (E ) identical to E.. In Figure 1
were shown the different voltammograms obtained from the scans varying, for
each test, the potential sweep rates from 5 to 20 mV/s. This figure also shows
the voltammogram obtained from the support electrolyte (KOH 0.1M) in which
the evolution of the anodic capacitive current in the range -0.698 to +0.5 V is
observed. For this anodic zone it is deduced that, when increasing the potential,
only a slight oxidation of the nanoparticles appears at 0.5 V which determines
the anodic limit of the working electrode. However, when the direction of the
applied potential is changed to cathodic scanning, a reduction wave between -0.2
and -0.5 V is observed, which is related to the reduction of surface gold ions in
the metallic nanoparticles.
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3.E-05
2.E-05
1.E-05

0.E+00

-1.E-05

i(A)

= KOH support electrolyte
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-4.E-05 ——15mV/s
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E (V vs Ag/AgCl)

Figure 1. Cyclic Voltammograms obtained from the analysis of glycerol catalyzed by Au NPs. Me-
asurement conditions: 0.1M KOH, Ei=-0.698 V, E1=+ 0.5 V, Ef=-0.698 V, [Glycerol|=2.4 mM.

Once the glycerol is added to the supporting electrolyte, Figure 1 shown that
between Ei and -0.2 V a shift of the glycerol measurement currents with respect
to the target occurs. This is caused by a capacitive current which is not associated
with the electrochemical reaction itself, but with the formation of an electrical
double layer on the electrode surface. For voltammograms with glycerol, in the



162 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

anodic zone a peak appears at 0.35 V indicating that its oxidation is taking place
as an electroactive species, while, when the potential sweep is reversed at 0.1 V, a
very pronounced peak appears corresponding to the decomposition of the pro-
duct formed on the electrode surface.

Cyclic voltammetry was used to explore the ranges of sweep speed and wor-
king potential intervals in which oxidation or reduction of the gold nanoparticles
does not occur. Moreover, with this technique is seen that the system behaves
irreversibly since the ratio between its anodic and cathodic peak intensities is di-
tferent from the unit. Furthermore, it was evidenced that the glycerol oxidation
product formed decomposes when trying to reduce it by reversing the sweep
potential direction. Electrode mechanisms are commonly described by using the
Testa and Reinmuth notation [26], where letter E is used to denote a heteroge-
neous electron transfer step, and the letter C to indicate a homogeneous chemical
step. In some cases, an electron transfers yields a product that is unstable, and
this should be involved in a homogeneous irreversible reaction yielding an elec-
trochemically inactive product:

A+e 2B 1)
B—>C 2
Such a case is defined as an EC reaction and its electrochemical analysis is cha-

racterized by voltammograms such as those shown by glycerol electrooxidation
using the carbon supported Au-Nps.

The results obtained with cyclic voltammetry indicate that it is possible to fo-
llow only the glycerol oxidation process. Then, for this process, the electrodynamic
kinetic parameters such as the diffusion coefficient and the number of electrons
transferred can be determined by using the Randles-Sevcik equation [27]:

1= 0496 N nFA[G), , \/@ 3)
Where:
I, = peak current intensity [A]
F = Faraday constant [96485.33 C/mol]
n = number of transferred electrons

A=Electrode surface area [cm?|
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D = Diffusion coefficient of the electroactive species [cm?s]
[G],,,= Bulk concentration of electroactive species [mo' cm”]
v = sweep speed [Vs]

a = Transfer coefficient (~0.5)

The linear voltammetry technique using a rotating disk electrode (RDE) pro-
vides the means to vary the concentration profile at the electrode, since the faster
the rotation, the thinner the diffusion layer becomes and the greater the trans-
port-limited flux. The Levich equation models the diffusion and flow conditions
of the solution around a rotating disk electrode (RDE), which is characterized by
the dependence on the rotational velocity @"° according to the Eq.4 [26]:

-

2
3

11
I, =0.624EAD” p* &°[G], oevoe... )

Where:

I, = limit current intensity [4]
177

A = electrode surface area [cm?]

p = dissolvent kinematic viscosity [

il
S

w = electrode angular rotational speed [
$

rad ]

and the rest of the constants that have already been defined.

The sweep speed parameter is fixed at 5 mV/s for measurements using the
RDE voltammetry and by varying the concentration of glycerol in the cell. The
results are shown in Figure 2a where it is observed that the diffusion limit cu-
rrent increases with the addition of glycerol in the electrolytic cell. As is shown
in Figure 2b, an absolute standard calibration curve was plotted by taking values
in each curve where the limit current is minimum. From this plot, it is conclu-
ded that the maximum concentration of glycerol that can be used for working
linear hydrodynamic voltammetry is up to 0.7 mol/cm’. Then, a concentration
of 0.662 mol/ecm’ of glycerol is chosen for the hydrodynamic voltammetry expe-
riments but now varying the angular velocity @ (see the Figure 3a). According to
Levich’s postulate, the limiting current densities, j (mA/cm*g) should be plotted
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as a function of the root of the angular velocity in rad/s, as shown in Figure
3b. Calculating the linear regression of the points in Figure 5 gives a correlation
coefficient of 0.9934, which leads to the conclusion that the system behaves li-
neatly according to Levich’s equation. By using the eq. 4, the slope of Figure 3b
is consistent with n =2 and D=5.75x10° cm?/s

3300.00

—0.1M KOH ——0.166 mol/m3 0.332 mol/m3
0.497 mol/m3 ——0.662 mol/m3 y=2991.8x+ 861.82
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Figure 2. 2) RDE Voltammograms obtained by varying the concentration of glycerol and

catalyzed by using Au NPs. Measurement conditions: E.=-0.7 V, Ef=0 V, =1500 rpm,

vb=0.005 V/s. b) Glycerol calibration curve obtained from the limiting diffusion current
values of RDE voltammograms.
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Figure 3. a) RDE Voltammograms obtained by varying the rotational speed of the electrode
and catalyzed by using Au-NPs. Measurement conditions: E.=-0.7 V, Ef=0 V, v=0.005 V/s,
[Glycerol]=6.62 mM. b) The Levich curve obtained from the current limit values.

3.2. Electrocatalytic activity of platinum nanoparticles (Pt-NPs)

For this study, the conductive ink applied to the glassy carbon electrode con-
tained Platinum nanoparticles, with which the cyclic voltammograms of Figure 4
were obtained. For each test, the potential sweep rates were increased for a range
from 5 to 20 mV/s. The voltammogram of the supporting electrolyte (0.1M
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KOH) from a potential value (E,)=-698 mV to potential (E,)=+500 mV is seen
flat, without any curvature since there is no oxidation or reduction alteration in
the material in that potential range. On the other hand, in the measurements
with glycerol we observe that the electro-oxidation takes place in a range of -0.1
to -0.2 V when the anodic sweep is being carried out, which is a lower voltage
compared to the NP’s-Au. The big difference between the first and subsequent
sweeps is that from a sweep speed value of 10 mV/s a second oxidation peak
is seen at a voltage of -0.2 V, which is evidence that a step transfer of electrons
from the glycerol takes place, which is not observed in the case of electrodes
modified with the Au-NPs. When the sweep changes to cathodic direction and
the applied potential approaches to -0.3 V, only one cathodic peak is observed,
which results from an irreversible mechanism. It is evident that the mechanism
of glycerol oxidation catalyzed by supported Pt particles is not a simple EC
mechanism. As will be discussed later, this electrocatalysis process involves the
formation of more than two products.

A 0.662 mM concentration of glycerol is also chosen for the linear hydrod-
ynamic voltammetry experiments by varying the angular velocity. As shown
in Figure 5a, the increase of the diffusion current limit is observed with the
increase of the angular velocity of the electrode given a correlation coefficient
of 0.9933. The slope of plot shown in Figure 5b is consistent with n=6 and
D=6.95x10° cm?/s.
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Figure 4. Cyclic voltammograms obtained from the electrocatalysis of glycerol using the Pt-
NPs. Measurement conditions: E=-0.698 V, E,=+0.5 V, E=-0.698 V, [Glycerol]=2.4 mM.
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Figure 5. 2) RDE Voltammograms obtained by varying the rotational speed of the electrode
and catalyzed by using the Pt NPs. Measurement conditions: E, = -0.7 V, E_= 0 V, v =0.005 V/s,
[Glicerol] = 6.62mM. b) The Levich curve obtained from the current limit values.

3.3. Electrocatalytic activity of platinum-nickel nanoparticles (PtINi-NPs)

In the voltammogram obtained from the supporting electrolyte (see the Fi-
gure 6) the evolution of the anodic capacitive current from a potential of -698
mV to 698 mV shows slight oxidation of the bimetallic nanoparticles. However,
when the direction of the potential changes to a cathodic sweep, unlike the Pt
NP, a significant reduction of one of the elements composing the PtNi nano-
particles is seen at a potential range of -0.2 to -0.5 V. As soon as glycerol was
added to the electrolysis cell and the scanning starts, an anodic peak at -0.18 V
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Figure 6. Cyclic Voltammograms obtained from the analysis of glycerol catalyzed by
using the Pt-Ni NPs. Measurement conditions: 0.1M KOH, Ei=-0.698 V,
E1=+ 0.5V, Ef=-0.698 V, [Glycerol]|=2.4 mM.
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is observed, indicating that the oxidation of glycerol as an electroactive specie is
taking place. At the highest sweep speed of 20 mV/s, a slight curvature is evi-
dent in the anodic zone at approximately 0.1 V, which it can be assumed as an
additional oxidation peak, which can involve a second reaction mechanism. Also,
when applied potential is inverted to cathodic direction none cathodic signals of
glycerol products were observed in voltammogram which is associated with an
irreversible chemical mechanism.

As shown in Figure 7a, the increase of the diffusion current limit is observed with
the increase of the angular velocity of the electrode given a correlation coefficient of
0.995. The slope of Figure 7b is consistent with n=2 and D=1.75x10" cm?*/s.
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Figure 7. a) Cyclic voltammograms obtained by varying the rotational speed of the electrode and
catalyzed by using the Pt-Ni NPs. Measutement conditions: Ei = -0.7 V, Ef = 0V, v = 0.005 V/s,

[Glicerol] = 6.62 mM. b) The Levich curve obtained from the current limit values.
3.4. Comparison of Glycerol electro-oxidation kinetics

The glycerol oxidation process using the different synthesized metal nano-
particles materials (Au, Pt, and PtNi) is shown in the Figure 8. In this figure, the
peak current density values were taken from voltammograms of Figures 1, 6 and
7 were plotted against the sweep speed v'/? (mV/s). The slope of this plot is rela-
ted to the standard electrochemical rate constant by means of the dimensionless
parameter proposed by Matsuda and Ayabe [28]:

FD 4
MR v = #06)

From the Figure 8 is appreciated that Pt-Nps shown the highest slope and
hence the highest kinetic reaction constant. In addition, as is shown in table 1,
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the highest diffusion coefficient of glycerol is obtained by using platinum nano-
particles supported on carbon.
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Figure 8. Forward peak current (7)versus scan rate for the glycerol oxidation by using the Pt-
Nps. The insert corresponds to results obtained by using the Au-Np and PtNi-Nps.

Table 1. Electrochemical parameters of glycerol electrooxidation using the metal nanoparticles.

Metal nanoparticle n (e-) D [cm?s]
Au-NPs 2 3.8296x107
Pt-NPs 6 4.4852x107

PtNi-NPs 2 4.48x107

The values of glycerol diffusion coefficient shown in Table 1 are within the
range of those reported by D’Errico and co-workers in ref. [29] that were measu-
red by using the Taylor dispersion and Gouy interferometric techniques.

3.5. Infrared/ATR spectro-electrochemical characterization

The goal of synthesizing bimetallic NPs with Nickel was due to the possibili-
ty of making cheaper catalysts and with less amount of precious metals such as
Platinum. Although the electrocatalytic performance of NiPt bimetallic particles
followed a very similar pattern to that shown by platinum particles, the electro-
catalytic kinetics of the latter turns out to be far superior to that of the former
material. Therefore, in this section we focus on the structural characterization
of the reaction products on the electrode surface using platinum nanoparticles.
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For the identification of the products, infrared spectroscopy tests were per-
formed on the molecules resulting from the anodic reaction of Glycerol with
Platinum NPs. Thus, every 5 minutes a spectrum of the oxidized solution was
taken for comparison with the initial spectrum at zero time. As can be seen in
Figure 9, in the first spectrum is appreciated the signal of the unreacted glycerol
solution (t=0), and as the oxidation progresses is shown how progressively a peak
appeats at a wave number of 1654 cm™, which is attributed to the formation of a
carbonyl group (C=0 tension). On the other hand, we also observe the broade-
ning of a tension signal representative of the -OH group from 3654 to 3123 cm'!
due to the formation of hydrogen bridges. In addition, we can notice another
characteristic absorption band of C-O stress vibrations at 1315 cm™.
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Figure 9. ATR-FTIR spectra of glycerol reduction reaction by using Pt-Nps +0.2 V vs. Ag/
AgCl. The acquisition time in minutes was indicated in each spectrum.

From this spectra analysis, and by using a transfer of 6 electrons with the pla-
tinum nanoparticles; it is deduced that the glycerol did not only form an aldehyde,
but the produced specie was full oxidized to form a carboxylic acid. The proposed
electrooxidation mechanism can be similar as that proposed by Coutanceau et. al.
[30] which is depicted in the Figure 10. In the initial step, the glycerol in solution
travels toward the solution and comes in contact with the electrode surface. Once
the glycerol arrives to electrode surface, the oxidation of the primary alcohol by
transferring first 2 electrons to form glyceraldehyde. In a second step, this aldehyde
formed at the electrode-solution interface is oxidized to glyceric acid via a second
transfer of another two electrons. Finally, the Tartronic acid was formed by the
oxidation of the glyceric acid via a third transfer of two electrons.
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Figure 10. The reaction pathways proposed by Coutanceau ez al. [30]
for electro-oxidation of glycerol on Pt.

3.6. TEM nanoparticles characterization

The images obtained by Transmission Electron Microscopy and the analy-
sis performed in the Digital Micrograph Software to measure the interplanar
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distances of the Platinum nanoparticles are shown in Figures 11. The Figure 11c)
show interplanar distances of 1.961 and 2.244 A, which according to the crysta-
llographic chart of Platinum, correspond to 20 of 46.2° and 39.76, with which
we obtain the diffraction planes of (200) and (111) of Pt respectively.

4. Conclusions

The electrochemical activity of nanoparticles of three metallic nanoparticles
(Pt, Au and PtNi) in the electro-oxidation of glycerol was studied to determine
which of these materials was the best catalyst for this purpose. The synthesis
of such NPs was carried out by a simple chemical method where the precursor
solutions of each metal were reduced in situ on to vulcan carbon substrate. The
characterization by electroanalytical techniques such as Cyclic Voltammetry and
Hydrodynamic Voltammetry (RDE) allowed to visualize the behavior of the NPs
in a potential range from -0.7 to 0.7 V(vs Ag/AgCl). It was obtained that all ma-
terials shown an irreversible electrode kinetics reaction giving the decomposition
of the as formed oxidation product of Glycerol. The diffusion coefficients of
glycerol were estimated by hydrodynamic voltammetry whose graphical analysis
fitted well to Levich’s model, obtaining a number of exchanged electrons of 2
for Au particles, 6 for Pt and 2 electrons by using PtNi bimetallic particles. The
reaction mechanism for the electrooxidation of Glycerol was proposed from
results obtained by using Pt-NPs and ATR spectroscopy coupled to chronoam-
perometric analysis. It was deduced that the product formed is a carboxylic acid,
which could be tartronic acid.
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Abstract

Nanostructured materials offer important characteristics to be applied in di-
tferent fields of research, for example, in renewable and clean energy production
processes in electrolyzers for the generation of hydrogen from water, reaction
known as water splitting or oxidation. In the present work, the studies carried
out with Ni, Fe layered double hydroxides (ILDH) are reported, modified with
the introduction of FeF | blocks containing fluoride (Fe-F) with 10 and 20 %ow,
in the brucite-type layers, which will partially occupy structural positions of the
Fe-hydroxyl groups (Fe-OH). The method of synthesis used was coprecipitation
at low saturation with the aim to obtain nanocrystals. The incorporation of Fe
in the structure of nanomaterials was made in its Fe’" form as M’" cation, and
nickel as M** cation, respectively, maintaining a M**/M’" = 3 molar ratio. The
physicochemical properties of the materials were characterized by different te-
chniques such as: XRD, "F-NMR, IR, TGA/DSC, nitrogen physisorption. The
results revealed well-ordered materials, structural modifications and changes in
the thermal and adsorption properties, as a consequence of the incorporation of
Fe-F species in the brucite-type sheets.

The electrocatalytic properties of the materials as electrodes, were evaluated
in the oxygen evolution reaction (OER) in an alkaline medium, determining the
parameters such as: overpotential, Tafel slope, activation energy, electrochemica-
lly active surface area (ECSA) and stability. All samples exhibited responses on
the OER, the fluorinated samples showed an overpotential of 1.16-1.22 V and a
Tafel slope of 285 - 331 mV/decade.

Keywords: Fluorinated LDH; OER; Water Oxidation; Electrocatalysis.
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1. Introduction

Two dimensional nanostructured materials as Layered Multihydroxides (LMH
or LDH) are formed by brucite-type layer with positive charge which is compen-
sated by anionic species in the interlaminar or interlayer region. Their molecular
formula is [M", M™ (OH), |+ (A™) - »H,O, and their composition should
be include a wide variety of divalent metal ions octahedrally coordinated to hy-
droxyl groups in the brucite-type layers (M"=Mg**, Co**, Cu®*, Ni*" or Zn?>"),
these cations should be isomorphically replaced by trivalent cations as (M™=AI’",
Fe’*, Mn™*, Cr** or Ga’") [1, 2]. In this context, the basicity attributed to the
OH- can be tailored by the presence of electronegative species. For this purpose,
the first reports showed the impregnation method to introduce fluorinated spe-
cies on the layer’s surface in order to increase the basicity properties [3]. Thus,
Lima ez al. reported the first LDH material incorporating F as (AlF )* blocks in
the brucite-type layer, replacing AI(OH) > by (AIF)> blocks, obtaining a new
class of material with different properties as acid-base [4]. With this aim, as an
alternative to RuO, and IrO, materials, NiFe LDHs have been presented good
response on the OER [5 — 8], which is the rate determining step (RDS) on the
water splitting or oxidation to produce hydrogen from industrial electrolyzers, as
alternative source of green and renewable energy from non-fossil origin in the
context of the environmental crisis and the energy transition [9 — 11]. In this
work, we reported the preparation of LDH containing F species, incorporating
(FeF )* instead of Fe(OH) > blocks in the layer or sheet. As first approach, the
solids were evaluated on OER process to prove some electrocatalytic aspects of
this kind of nanomaterials.

2. Experimental
2.1. Synthesis and electrode preparation

The NiFe LDHs were prepared by coprecipitation method usingas source of
flour and precursors of metal cations were Ni(NO,), - 6H, 0O, and Fe(NO,), - 9H, O;
two samples with 10 and 20 %w of Fe-F, and one sample without E all solids
with a Ni/Fe = 3 molar ratio, the equipment used to perform the synthesis of
the materials was a pH STAT Titrino (Metrohm). The work electrodes were ob-
tained by mixing the prepared LDHs in a solution of nafion and ethanol, this
suspension was sonicated for 30 min, then, around 80 ul. were deposited on a
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piece of glassy carbon to form a uniform film and dried at room temperature.
The samples were labeled as NiFe-10F, NiFe-20F and NiFe.

2.2. Characterization and Electrochemical Tests

Powder X-ray diffraction analysis (PXRD) were carried out in an X’Pert PRO
with a CuKa=1.5406 A (45 kV and 40 mA) in the interval of 5 to 80 (26). The di-
ffractograms were acquired with the step of 0.02 and 0.4 s for each point. FTIR
spectra were obtained using a Frontier Perkin Elmer spectrometer with an ATR
accessory, acquisition was performed between 500 and 4000 cm™, with a reso-
lution of 2 cm™. The F MAS NMR spectra were measured in an Avance 300
Bruker instrument operating the spectrometer at 376.3 MHz, using /2 pulses
of 6 ms with a recycle delay of 1 s; F chemical shifts were referenced to those
of CFCI, at 0 ppm. Thermal analyses were carried out employing a STA 6000
TGA/DSC Perkin Elmer apparatus in the range of temperature between 25 to
900 °C, in a N, atmosphere as carrier gas. Textural properties were measured in
Autosorb iQQ Station Quantachrome Instruments. The solids were previously out

gassed in N at 160 °C for 2 h, adsorption-desorption isotherms were collected
in the range of 0.015 a 0.99 for P/Po.

The supported films were then used as working electrode in a three-elec-
trode one compartment standard electrochemical cell. Graphite and Hg/HgO
NaOH 0.1 M (0.164 V vs RHE) electrodes were employed as counter and refe-
rence electrode, respectively. Electrochemical analyses were carried out at room
temperature in a multichannel PGstat302N potentiostat-galvanostat (Autolab).
Rotating Disk Electrode method was employed for electrocatalytic evaluation
at 1600 rpm, in the window of 0 V to 1.6 V at scan of 10 mV/s. For all set of
experiments, linear voltammetry was reported with compensated cell resistance
(iR). The Reversible Hydrogen Electrode (RHE) scale was calculated based on
the formula: VRHE=VSCE+VSCE (vs NHE)+(0.059* pH).

3. Results and Discussion
3.1. Structural Charactetization

Typical LDH crystalline structure was confirmed by XRD patterns for samples
containing a mixture of Fe-F and Fe-OH groups and the sample without Fe-F spe-

cies (Figure 1). For the three samples, the patterns show LDH phase with the usual
hexagonal lattices and R3m rhombohedral symmetry (JCPDS 22-0700) [12, 13].
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Figure 1. XRD patterns of layered materials with FelF6 incorporated blocks,
the solid NiFe is without flour.

All samples exhibit well-defined peaks for the (003), (006) and (009) planes,
related to the interlayer space. Furthermore, it should be remarked that the peaks
for sample NiFe-10F sample are broader compared to the other two samples.

Moreover, the peak in the plane (003) was slightly shifted for the samples con-
taining I this is associated to the strong interaction between fluorine, the cations
in the brucite-like layers and the anions in the interlayer space [4]. This is also in
accord to the values of cand d, ,parameters as shown in the table 1, both para-
meters decrease when Fe-I species are present, while the cell parameter a, related

to the distance between adjacent cations in the layer, is similar for all samples.

Table 1. Cell parameters of LDH samples.

Sample d,. () d, (A a (A) c(A)
NiFe 7.82 1.54 3.00 2347
NiFe-10F 7.56 1.53 3.07 22,67
NiFe-20F 7.69 1.54 3.08 23.08
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IR spectra are exhibited in Figure 2. OH" groups from water in the interlayer region
and on the sheets are desctibed by the presence of band around 3000-3600 cm™, spe-
cially, in the samples fluorinated this stretching vibration band is broader and more
intense due to the dipolar moment indicating that these samples are more hydrated.
The band at 1630 cm™ is attributed to the deformation plane of water. C-O asym-
metric stretching vibration of CO? is observed at 1360 cm™. In the range between
1000 to 500 cm™ the bands are associated to M-O, M-O-M and O-M-O bonds in the
brucite-like layers, typical bands of these kind of materials. For these samples, they
correspond to the Ni-oxygen and Fe-oxygen lattice vibrations [14].
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Figure 2. FTIR spectra of LDH solids with and without flour.

In order to verify the incorporation of Flour (Fe-F, blocks) in the brucite type
layer, substituting partially OH- groups (Fe-OH), "F NMR studies were carried
out. The spectra of "F nuclei are shown in Figure 3 for the samples. Three main
signals were observed, a shoulder around -147, at -133 and -93 ppm. The peak
at -147 ppm is associated to (FeF )* species as it is was previously reported [15,
106]. In addition, other resonances a lower field (-133 and -93 ppm) suggest the
existence of octahedral blocks type (Fel, (OH) )* which means that the (Fel)*
blocks are randomly mixed with Fe(OH))> or (Ni(OH) )" blocks in the layer
sheet. Thus, the main signal at -147 ppm point out the presence of domains rich

in fluorinated blocks combined with zones rich in OH".
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Figure 3. F NMR spectra of NiFe-20F and NiFe-10E

3.2. Thermal Analysis, morphology, and textural properties

Profiles of thermal analyses are shown in Figure 4, three zones of mass loss

are clearly observed. The first around 100 °C, is associated to desorption of
water on the surface. The second between 170 °C and 305 °C is attributed to
the loss of water in the interlayer space and dehydroxylation. It is observed that
the samples containing IF show a fast loss of weigh, considering these materials

Mass (%)

100 °C

170°C

NiFe-10F

2 NiFe-20F

100 200 0 400 500 G0 700 80 900

Temperature (°C)

Figure 4. Thermal profiles of NiFe LDH and SEM images of a) and b) NiFe-10F,

¢) and d) NiFe-20F.
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are more hydrated as above discussed. Besides, in the last zone up to 305 °C, the
process of decarbonation takes place at the same time that the dihydroxylation is
completed [17]. In general, all the samples exhibited the same percent of weight
loss. Finally, the total mass loss was similar for all samples, the presence of flour
has not important influence on the thermal stability at higher temperatur

Figure 4 a) to d) shows SEM images of the I containing samples, the form
observed was flakes or irregular plaques, typical for layered materials, with sizes
between 10-100 um, there is not important influence of flour presence on the

morphology.

Adsorption-desorption isotherms are shown in Figure 5; the profile of all
samples corresponds to type IV, showing H2 type hysteresis loop according to
TUPAC classification, typical for mesoporous materials showing desorption pore
blocking effects [18]. This last phenomenon was more marked on the flour sam-
ples; it can be associated with the strong interaction of fluorinated species and

Ads. volume STP [cc/fg)

Figure 5. Adsorption-desorption N,
isotherms of a) NiFe, b) Nile-10F
and c) NiFe-20F LDHs solids.
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the higher degree of hydration, as reported in TGA studies. The profiles can also
be associated with different sizes of pores.

Regarding the shape of the hysteresis loops, for the sample in red (see Figure 5),
the pores are of similar sizes, causing slight pore blockage during desorption. In
contrast, more significant pore blockage is appreciated in the green isotherm. On
the other hand, the null pore blockage is evident in the blue isotherm due to the
gradual filling and emptying of the pores.

For the results of a specific surface, the solid without IF exhibited the largest
values, and the samples with IF showed a lower surface. This agrees with adsorp-
tion-desorption isotherms; the presence of F can block some part of the porous
structure provoking the decrease of the area BET, volume and radius of the
pore, as it is reported in Table 2.

Table 2. Textural properties of LDH samples.

Sample ABET (m*/g) Pore Vol.* (em?/g) Pore Radius A
LDH NiFe SF 132.00 0.263 61.76
LDH NiFe 10 % F 43.56 0.394 48.65
LDH NiFe 20 % F 80.25 0.169 17.15

3.3. First Approach: Exploring the electrocatalytic properties on the
water oxidation reaction (OER)

This kind of materials have been reported as electrocatalysts for the water
oxidation reaction, in some studies Ni was founded that it acts as catalytic center
protected by Fe, taking into account the adsorption of OH- as principal step [6,
19]. From this, we reported as first approach to examine some properties of this
kind of materials, the performance on OER or water oxidation.

The overpotential (r)) is a parameter to measure the catalytic activity, it is re-
ported to reach current density (j) of 10 mA/. Figure 6 shows the profiles for the
samples. Clearly, a positive effect due to the Fe-IF species is observed. The best
performance was for NIFe-20F with the lowest value around 868 mV. This beha-
vior can be attributed to the formation of more catalytic sites when F is present
and it is was corroborated determining the electrocatalytic surface area (ECSA)
where the sample NiFe-20F showed a value of 0.530 cm? while the sample wi-
thout F was 0.47 cm™
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Figure 6. Overpotential on the OER process of LDH samples at j=10 mA/cm?2.

NiFe fluorinated LDHs revealed overpotential values around 300 mV. Some
aspects could be considered to explain this behavior. It is well known the electro-
negativity associated to the presence of flour, and the OER mechanism is mainly
associated to the OH™ adsorption, although, it is possible the strong adsorption
of the OH-. Species limiting the electron transfer due to the force of the elec-
tronegativity. To solve this inhibition, the presence of another kind of catalytic
site i.e Co or improve the distribution of Fe-F blocks so as not creates richest
zones of these species. Testing these kind of materials in reactions where strong
electronegativity and basicity plays an important role as in some processes i.e.
C-C bond formation [20].

4. Conclusions

Nanostructured Layered hydroxides of NiFe (NiFe-LDH) were obtained in-
corporating Fe-F6 blocks, which partially substituted to the Fe-OH or Ni-OH
blocks in the brucite-type sheets using the coprecipitation method. The main
goal of this study was achieved in order to demonstrate the introduction of
iron fluorinated species in the layers to obtain a new kind of material. This was
demonstrated by different techniques, from the XRD results typical diffraction
patterns of layered hydroxide materials were obtained and corroborated with the
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values of a and d, parameters. The presence of fluorinated species was confit-
med by "F NMR showing characteristic bands associated to flour interactions.
Adsorption-desorption Isotherms were of mesoporous solids, a strong adsorp-
tion was observed due to the Fe-F, blocks. As first approach, the electrocatalytic

properties were evaluated in the OER process in alkaline media.
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Abstract

Solid Oxide Fuel Cells (SOFC) are one of the highly efficient energy con-
version devices; however, the typical operating temperature (800 to 1000 °C)
represents a challenge by requiring materials that can withstand these conditions
without losing their properties. For SOFCs, the most commonly used catho-
de materials are lanthanum-strontium manganites (LSM); however, this type
of materials has disadvantages as they require a high polarization, which has
prompted the development of perovskite-type structure materials (ABO,), esta-
blishing that combining or substituting lanthanum with some other lanthanide
(La, L_),,Ca, ,MnO, could reduce the overpotential at the cathode, and increa-
se the electrocatalytic activity. In this work, the effect of cation substitution in
non-stoichiometric perovskites (La, I ) Ca MnO, (Ln=Pr, Sm, Ce) on the
structural, morphological, and electrical properties has been evaluated when the
Pechini method is used as a synthesis method. The properties were analyzed in
terms of potential applications as cathode materials in SOFCs varying the do-
ping concentration (x=0.1, 0.3, 0.5 and 0.6). The Pechini method is a low-cost
reproducible method that led to the production of phase-pure perovskite under
certain experimental conditions. The electrical conductivities at room tempera-
ture ranged between 0.5 and 0.09 S cm™, which seems promising to be used as
cathode at low-intermediate temperatures preserving the activity for oxygen re-
duction reaction.

Keywords: Solid oxide fuel cells, nanostructures, perovskites, Pechini method.
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1. Introduction

Fuel cells are a great field of study due to their development as alternative
energy sources, carrying out research that proposes different synthesis methods
to obtain electrode materials that provide favorable characteristics for their ope-
ration. In recent years, different works have been published that serve as a basis
for the different types of cells, such is the case of Selmi ez 4/ [1], where a com-
pilation about fuel cells is provided, giving information about the challenges they
currently present and the benefits they provide, making a general analysis of the
different types that exist and their cost-benefit, as well as, the efficiency that they
could present and their possible applications. The progress of SOFC research,
the evolution of new materials, and the development of advanced instruments
have collectively led to the selection of parameters that, when controlled, directly
affect the desired performance results in the energy production [2].

These types of devices are normally classified according to the electrolyte
used, with the exception of the direct methanol fuel cell DMFC), where me-
thanol is fed directly to the anode and therefore, it is the electrolyte of this cell,
the second classification is based on the operating temperature of the cells. The-
se can be classified into high and low temperature fuel cells. Low temperature
fuel cells are alkaline (AFC), proton exchange cells (PEMFC), direct methanol
(DMFC) and phosphoric acid fuel cells (PAFC). High temperature cells operate
at temperatures from 600-1000 °C, and these are: molten carbon (MCFC) and
solid oxide fuel cell (SOFC) [3]. Then, a solid oxide fuel cell is a high temperature
device with a solid oxide as electrolyte which has the characteristic that it needs to
be operated at an elevated temperature to achieve enough power. Knowing this,
the use of cheap catalysts may be a good way to reduce the cost of the fuel cell.
On the other hand, the possibility of using biofuel instead of hydrogen could be
considered an eco-friendly alternative [4].

It is well-known that the performance of the cell is highly influenced by the
oxygen reduction reaction (ORR) in cathode part, which needs a high overpoten-
tial to work [5]. This condition makes the cathode selection much more important
in comparison to the anode choice. Elementary reactions in the cathode generally
happened at the triple phase boundary (IPB) at electrode/electrolyte interface
[6]. The TPB is defined as the site where the gas phase, the ion conductor and
the electronic conductor of the oxygen are in contact with each other [7, 8]. To
be considered as a good electrode material, the cathode must have strong elec-
trochemical performance that can be measured by its electronic conductivity and
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oxygen diffusivity; these properties are influenced by the ORR that occurs at the
TBP cathode.

The cathode must be able to resist any chemical degradation that may oc-
cur during fuel cell operation and that can be determined making a comparison
between the thermal expansion coefficient (TEC) and the stability of the elec-
trode [9 — 11]. The mentioned characteristics not only depend on the interaction
between the components forming the material but are also influenced by the
size of the nanostructure and the composition of the cathode [12, 13]. New
synthesis routes and unconventional compounds are the popular used strategies
to propose new cathode materials and used as an alternative way to improve the
performance of solid oxide fuel cells. Among the methodologies for the synthe-
sis of new materials to the cathode, we find that doping the original composition
with another element to produce a deformation within the structure is the most
used since allows a better diffusivity of the oxygen ion. For example, strontium,
calcium and barium, group II elements that have been used as dopants, accor-
ding to the literature, can increase the conductivity of materials. Also, transition
elements such as zinc, molybdenum or vanadium have also been reported as
dopant agent to the cathode material, reporting interesting results from electrical
measurements and polarization resistance [12].

The alteration of the structure in this type of materials to SOFC, has be-
come one of the fields most studied since nanometric oxide materials have a
higher catalytic performance due to present an increase in the surface vacancies,
electronic and ionic conductivities [14]. Other synthesis methods as infiltration
or impregnation, allows the construction of the nanostructure of the cathode
material, by depositing the nanoparticles on a pre-sintered backbone (at high
temperature), in that way, the electrocatalytic properties and stability of the catho-
de material are reached, while the costs of the synthesis can be reduced [14 — 10].
Cathode nanomaterials have generally been synthesized via solid-state reaction
or sol-gel methods. However, since the cathode thickness influences the per-
formance of SOFCs, other techniques such as inkjet printing, screen printing
(SP), and electrophoretic deposition have been also proposed to fabricate more
complex cathode structures [17, 18]. Parameters such as the temperature, time
during annealing and sintering stage were also investigated to optimize the size
of nanostructures, microstructural, magnetic and optical properties of different
perovskite manganites [18, 19]. Additionally, a comparison of different synthesis
methods has also been carried out to determine changes in electrical, microstruc-
tural and surface properties. For example, Da Concei¢ao e/ al., and coworkers
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synthesized a lanthanum strontium manganite, LSM=La _Sr, MnO,, using the
combustion, sol-gel and a solid state reaction methods [20]. The authors found
that all materials exhibited a single LSM phase formation with crystallite sizes
in the range of 12 - 20 nm, whereas porosity, particle size and microstructure
of the LSM sintered at high temperature are very dependent of the synthesis
method. In this context, the samples synthesized by the combustion and sol-gel
methods, compared to the other techniques, presented smaller particle sizes and
higher porosity after the sintering process than that obtained from solid state
synthesis; however, the electrical conductivity was found quite similar under the

same composition [21].

The most popular cathode materials enclose perovskite nanostructures. This
material is a mineral that contains the structure of calcium titanate (CaTiO)),
adopting the general formula of ABO,. Thus, a wide variety of oxide compounds
can have this type of structure and the properties can be modulated according to
the final requirements. The orthorhombic structure is the most common among
ABO, perovskite nanostructures. This type of structure includes many LnMO,
compounds in which Ln is a trivalent rare earth combined with other transition
metals and M is a trivalent cation (Al, Fe, Mn, Ga, Cr, V) [22]. As mentioned
above, the doping strategy has been widely adopted to improve the performance
of this kind of cathode materials for SOFCs applications [23]. Particularly, stron-
soqp LSM) also known as LSM
is one of the earliest cathode materials that fill out a lot of the requirement for

tium-doped lanthanum manganite (La, St MnO

high-performance SOFCs. LSM nanostructures have good chemical and thermal
stability, high catalytic activity in the reduction of the oxygen, and high electronic
conductivity [24]; their thermal expansion coefficient similar to the solid elec-
trolyte of yttria stabilized zirconia (ZrO,/Y O, — YSZ) reduces the possibility of
thermomechanical degradation due to the mismatch of length when the material
is expanding while heating. Unfortunately, at low temperature, LSM nanostruc-
tures exhibits a very high polarization loss which inhibits its usage for IT-SOFC
and LT-SOFC applications [25].

Among the nanostructured materials that can help to solve this problem du-
ring SOFCs operation, LaMnO, compounds have been proposed the. The lattice
of these perovskites can be suitable to be doped with a combination of rare
earths (RE), improving the compatibility at the cathode- electrolyte interphase
and the kinetics of the oxygen reduction reaction. It is also known that the subs-
titution of lanthanum by another ion directly modifies its characteristics due to
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new interactions in the La-O and Mn-O bonds. Bhalla ef a/ present a review of
this type of perovskites evaluating their role in ceramic science and technology,
showing this structure is one of the most versatile in the area [26].

In this context, the partial substitution of La at the A-site by other rare earth
ions has shown an improvement in overall cell performance by reducing cathode
polarization, operating temperature and ionic-electrical resistivity, through RE-O
and Mn-O interactions [27 — 30]. For example, electronic properties of Pr, Sm
and Ce as part of the lanthanide series have similar properties compared to La,
but can enhanced the electronic interaction in the final nanostructured com-
pound favoring a specific property. The new interactions lead to a weak bond
between the surface and adsorbed oxygen species provoking a low diffusion ba-
rrier for oxygen ions, thus facilitating the oxygen reduction reaction. [31, 32].

Continuing with the contribution of the research group of the Instituto
Politécnico Nacional at UPII-Hidalgo in collaboration with Tecnolégico Na-
cional de México- IT de Ciudad Madero and other research centers, in the
development of nanostructured materials for energy production; at this
opportunity, advances are reported in the synthesis of ABO -type perovski-
tes nanostructures. It has been explored the La-substitution in the A-site of
LaMnO, perovskites by different RE materials such as Ce, Sm, Pr to evaluate
structural, morphological and electrical changes evaluating the alternative as
cathode material for SOFCs. Specifically, this research reports the synthesis of
1 ;MnO,, by the Pechini
method, using different stoichiometries in molar ratios (x=0.1, 0.3, 0.5 and 0.6;

rare earth cathode electrode nanomaterials, LLa (H)LnxCa

Ln=Ce, Sm, Pr). The crystal structure, morphological analysis and electrical
measurements of the cathode materials were systematically investigated and
discussed in terms of ORR activity.

2. Methodology
2.1. Synthesis of perovskites nanoparticles

Metal nitrates from Sigma Aldrich, were used as a precursors to the synthesis
and consisted of lanthanum (III) nitrate hexahydrate (L.a(NO ), * 6H,0, 99.99 %
purity), praseodymium (I1I) nitrate hexahydrate (P(INO,), * 6H,0, 99.9 % puri-
ty), samarium (III) nitrate hexahydrate (§%(NO,), * 6H,0, 99.9 % putity) calcium
nitrate tetrahydrate (Co(NO,); * 4H,0, 99 % purity) and manganese (II) nitrate
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tetrahydrate (Mn(NO,), * 4H,0 , 97.0 % purity). Stoichiometric amounts were
calculated to obtain a nominal composition according to the chemical reaction
to form La _ I.n Ca MnO, (Ln=Sm, Pr, Ce; x=0.1, 0.3, 0.5 and 0.6) perovski-
tes nanoparticles. The synthesis was performed as follows: first, the metal salts
were placed in a matrass and mixed with the citric acid (CA) and deionized wa-
ter, forming a 3:1 solution in relation to citric acid/metal cations. The solution
was magnetically stirred for 10 min at 90 °C or 110 °C, respectively. Thereafter,
ethylene glycol (EG) was added drop by drop (2 mL min™) up to reach a 2:1 ratio
(EG/CA), maintaining the magnetic stirring for 4 or 5 h to obtain a gel. This gel
was annealed at 450 °C for 3 h until the obtaining of powders which were grin-
ded in an agate mortar. Finally, the samples were put through a heat treatment at
1000 °C for 6 h.

2.2. Characterization

The structural analysis of the as obtained nanoparticles was performed in an
X-Ray diffractometer, Bruker D2 Phaser Lynx eye using a Bragg-Brentano (6-20)
configuration. Measurements were carried out with an applied voltage of 40 kV,
current of 40 pA and a radiation Ka-Cu (A=1.5406 A). The scans were acquired
in the 6-20 range of 10° to 90°. The morphology of nanopowders was observed
using a JEOL JSM-6701F microscope using 10 kV of accelerating voltage. Pellets
were manufactured with the powders at 10 ton (1 em?) to carry out the electrical
tests. These measurements were carried out using four-point probe method at
room temperature with a surface resistivity meter (SRM-232).

3. Results and discussion

It has been well recognized that depending on the applied temperature and the
oxygen present in the lattice, this type of nanomaterials can crystallize in diffe-
rent symmetries, being the most common the cubic, orthorhombic and monoclinic
[33]. Figure 1 shows the XRD patterns of the as-prepared La,, In Ca, MnO,
(Ln=Sm, Pr, Ce; x=0.1, 0.3, 0.5 and 0.6) nanopowders.

It was observed that regardless of the L.Ln amount, the patterns display typical
reflections of an orthorhombic perovskite-type structure (PDF #49-0416). But
a displacement of the main reflections is observed as the content of the cations
(Pr, Sm, Ce) increases. This behavior has been observed in other kind of pero-
vskites and it is related to the expansion of the cell volume. It is also recognized
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that impurities in the composition or interface can influence the stability perfor-
mance of the SOFCs devices. In some compositions small peaks of a probable
secondary phase formed during the synthesis process are observed. To estimate
the size crystallites in the obtained perovskite, the Scherrer’s equation was used.
Measurements were carried out based on the most representative signal of each
sample (121). The as-obtain samples of praseodymium show a crystallite size
(C.S.) between 61.2 and 73.5 nm, while in the case of samarium the samples show
a variation between 64.3 and 71.5 nm; finally, for cerium, the C.S. was obtained
in a range between 63.0 to 72.1 nm. The C.S. did not show a clear trend with the
substitution of different cations, however the three substitutions coincide that
the composition x=0.3, presented the minimum size in the samples: Pr** (61.2
nm), Sm** (64.3 nm) and Ce’* (63.0 nm).

The contradiction with other previously reported lanthanum perovskites na-
nostructures, where a progressive increase in crystal size is observed with the
amount of cationic dopant (30-49 nm), highlights the importance of both the
size of the ionic radii as the amount of cation during La substitution to form
ABO -type perovskites, as well as the synthesis process [34 — 30]. It is important
to highlight that the XRD analyzes were carried out before applying the sintering
process, however, the diffractograms did not show any representative signal co-
rresponding to the typical perovskite structure, so it was concluded that a high
applied temperature (1000 °C in this case) is necessary to achieve the formation
of the desired ABO, structure.

Rietveld analysis is a method in which various parameters are adjusted to
match XRD crystallographic data, being one of the best approaches to charac-
terize nanocrystalline materials and extract information about the unit cell and
quantitative amount of the phase. To confirm the formation of the secondary
phase, Rietveld refinement was carried out using the FullProf Suite 64 software
and a pseudo-Voigt function to compensate for stress or size contributions to
signal broadening. The analysis was carried out from an orthorhombic system
with a space group Pnma, determining the different parameters of the unit cell,
the positions and atomic coordinates x and z for the corresponding elements.
Table 1 shows the refinement parameters obtained for the different samples
(Pt, Sm, Ce).

The results showed a variation in the occupancy of the site that was reflected
in a correlation between the occupancy and the molar quantity of these ele-
ments. The results also showed that there is a reduction in the cell volume of the
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Figure 1. XRD patterns obtained for the La,
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Table 1. Structural parameters obtained by Rietveld refinement

Cell Parameters
Sample | Composition | Phase - - - Vp3lume (¥
aAd) | b@A) | c@A | &)
0.1 5.433 7.667 5467 | 227.76 3.48
0.3 ) 5.445 7.719 5417 | 227.72 3.54
Pr Orthorhombic
0.5 5.428 7.666 5476 | 227.92 4.03
0.6 5.418 7.720 5.444 | 227.75 4.41
0.1 5.447 7.724 5412 | 227.761 | 3.60
0.3 ) 5.450 7.723 5404 | 227.518 | 4.28
Sm Orthorhombic
0.5 5.434 7.732 5421 | 227.821 | 3.75
0.6 5.445 7.735 5.409 | 227.849 | 5.31
0.1 5.678 7.722 5.601 | 245.57 5.718
0.3 ) 5.694 7.728 5.620 | 247.29 6.877
Ce Orthorhombic
0.5 5.512 7.731 5419 | 235.181 | 4.92
0.6 5.792 7.801 5.632 | 254.47 7.952

material by increasing the cation La cation substitution (x value) and therefore

important differences in the lattice parameters depending on the composition.

The increase of Pr, Sm or Ce in the synthesized nanocomposites causes an in-

crease in the parameter a and a decrease in 4 and ¢, which confirms the existence
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of distorted orthorhombic structures. From the obtained data, Vesta 3.5.7® sof-
tware was used to represent the cell structure for each rare earth cation. Figure
2 a-c shows the cell for Pr, Sm and Ce at a composition of x=0.5, which were
selected as representative.

Figure 2. Unit cell drawn with the parameters obtained from Rietveld refinement:

a) praseodymium b) samarium c) cerium

It was determined that the unit cell of the synthesized materials is orthor-
hombic, regardless of the amount of cation (Pr, Sm, Ce) used, however, when

analyzing the cell with the values obtained for parameters @, 4 and ¢, important
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differences were observed in the direction of the distortion depending on the
amount and ionic radii that replaced La. A similar trend was previously reported
for strontium-doped perovskites, where refinement showed that the unit cell pa-
rameters a and c increased with increasing amount of Sr [37], while b parameter
decreased, obtaining a distorted orthorhombic structure; which in turn correla-
ted with the Jahn-Teller (JT) effect that modifies the Mn* ion into the octahedral
Mn. JT can be understood as the geometric distortion of a nonlinear system
reducing its symmetry and energy, which in turn influence ionic and electrical
properties. Jahn Teller proposed that nonlinear degenerate molecules cannot be
stable and that any highly symmetric molecule will undergo geometric distortion
to reduce its symmetry and, thus, lower its energy.

From this Figure, the distances in the Mn-O bond for each nanomaterial were
also analyzed, since this parameter indicated the distortion degree, and the results
can be seen in Table 2. Considering that the order in the ionic radii in these rare
earths are La(1.189 4)>Ce(1.155 4)>Sm(1.086 4)>Pr (1.069 4). In each distorted
orthorhombic structure six Mn-O bonds were identified; each Mn-O bond in the
structure was labeled as [ and varies from 1 to 6. It is clear that the distortion in
the materials is giving in different directions without clear tendency, with respect
to lanthanum substitution.

Table 2. Distance of Mn — O bonds.

Distance Mn-O / A

Bond La, . PrCa MnO, La,. Sm Ca MnO, La, . Ce Ca MnO,

0.1 03 |05 |06 |01 |03 (0.5 |06 |0.1 03 (0.5 |0.6
11 1.968 [1.964 |1.968 |1.968 [1.962 |1.966 |1.962 |1.966 [1.999 |1.996 |1.999 |1.997
12 1.960 [1.951 |1.962 |1.963 |1.954 [1.952 [1.951 |1.951 [1.940 |1.942 |[1.940 | 1.941
13 1.968 [1.964 |1.968 |1.968 [1.962 |1.966 |1.962 |1.966 [1.999 |1.996 |1.999 |1.997
14 1.960 [1.951 |1.962 |1.963 [1.954 |1.952 |1.951 |1.951 [1.940 |1.942 [1.940 |1.941
15 1.957 [1.969 |1.957 |1.956 |1.970 [1.967 [1.972 |1.971 [1.971 [1.968 |[1.970 | 1.968
16 1.957 [1.969 |1.957 |1.956 [1.970 |1.967 |1.972 |1.971 [1.971 |1.968 |1.970 | 1.968
Angle (°) Mn-Ox-Mn Mn-Ox-Mn Mn-Ox-Mn
o1 157.57 | 157.45| 157.58 | 157.44| 157.46| 157.47| 157.42| 157.45] 159.21 | 159.32| 159.22 159.31
02 156.56 | 156.91| 156.52 | 156.81| 156.87| 156.89| 156.94| 156.95| 158.76 | 158.81| 158.79| 158.77

The JT effect was observed to occur in the prepared nanostructured perovs-
kites along the bonds of Mn™ cation. In A-MnO, manganites, the conducting
electrons reside in the 3d Mn™ orbitals. Due to its structure, the Mn ion is located
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in the octahedral center and the 3d degenerate orbitals of Mn are strongly hybri-
dized with the 2p orbitals of O [38, 39]; which can explain the irregular variations
in the Mn-O bonds with respect to the composition.

a) La; Pr dCa- MaO, €) La, Smgl CaEMnO, 1)LagCe Ca MnO,

-

I

100_nm

b) Ia Pf Ca MnO,

C) La,  Pr (Gay MnO,
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Figure 3. SEM observations for a-d) La, , Pr Ca, MnO, e-h) La,, Sm Ca, MnO, and,

0.7-x
i-l) La, , Ce Ca, MnO, powders (x= 0.1, 0.3, 0.5, 0.6) after sintering process at 1000 °C.

0.7-x

The morphological analysis of the Ia, PrCa, , La, SmCa, MO, and,
La,, Ce Ca, MnO, powders sintered at 1000 °C can be seen in the Figure 2 a-l.
From the micrographs, it is evident that that all samples present a granular struc-

ture, however a more compact morphology was obtained with the addition of
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larger quantities of Pr, Sm or Ce ions. As a consequence, it can be observed that
these assemblies present a less porous structure with well-connected agglomerate
nanoparticles in the submicron size, which conditioned the gas diffusion towards
the triple point boundary. Different materials with a similar microstructure have
been reported indicating that they may be a suitable material for SOFC cathode
at intermediate temperatures.

The electrical performance was analyzed using four-point probe, which is a
common technique for evaluating the resistivity value of a layer in conductive
nanomaterials that can be used in electrical devices. Then, measurements were
carried out on green and sintered pellets (1 cm in diameter, 1000 °C, 4 h). Table 3
shows the parameters obtained to analyze the electrical performance in the pero-
vskite-type nanostructures depending on the composition and ion substitution,
as well as the potential application in SOFCs.

Table 3. Results obtained by the four-point probe.

Perovskite Resistance Resistivity Conductivity
Qsq™h) (Q cm) (10*S ecm™)
0.1 36.6 4.76 2100.8
0.3 35.5 4.54 2158.9
La _ Pr Ca MnO
07 s ’ 0.5 79.7 10.30 970.8
0.6 78.2 9.81 977.9
0.1 64 9.83 1017.1
0.3 22.9 3.56 2803.3
La _ Sm Ca MnO
07 s ’ 0.5 18.5 4.84 2064.3
0.6 35.2 9.19 1087.5
0.1 28.8 3.80 2630.4
0.3 26.4 3.46 2884.7
La . Ce Ca ,MnO,
. 7-x X . 05 o . P
0.6 15.1 1.97 5070.2

The obtained values of conductivity for the praseodymium nanostructures
are observed between 0.09 to 0.21 Sem™. For the Samarium samples, values from
0.10 to 0.28 Sem™ were obtained. To the Cerium, the results present conducti-
vity in a range of 0.26 to 0.5 Scm™. In general, the highest conductivity in the
case of La substitution in the nanocomposites was observed with Pr and Sm at
a composition of x = 0.3, showing a decrease in the values when the amount of
the cation is higher. On the contrary, the behavior observed for Ce substituted
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lanthanum, presents a tendency related to the doping applied, with the highest
value reported at x=0.6 (0.5 Sem™). Previously, it has been found that in lan-
thanum-strontium-manganese (LSM) perovskites, the incorporation of St** in
the ABO,-type structure favors conductivity in relation to the amount of doping
used, obtaining values in intervals greater than 200 Sem™ with temperatures be-
tween 600-900 °C [39]. This behavior occurs at the expense of an increase in
the content of Mn*" in the final structure. Then, considering that measurements
have been realized at room temperature and an important increased with the
operating temperature of SOFCs is expected, the synthesized nanomaterials can
be an alternative for scalable applications.

4. Conclusions

In this work, the synthesis of ABO-type perovskites has been analyzed, par-
ticularly LaMnO, nanoparticles by doping the A-site with other rare earth, as an
efficient alternative cathode material for SOFCs. Then, this research reports the
synthesis of rare earth cathode electrode materials, I.a (M)LnxCﬂa MnO,, by the
Pechini method, using different stoichiometries in molar ratios (x=0.1, 0.3, 0.5
and 0.6; Ln=Ce, Sm, Pr). From the above results the following results can be

mentioned:

According to the crystallographic chart PDF490416, the observed signals
are the characteristics of nanomaterials with an orthorhombic phase. XRD
analyzes were performed before applying the heat treatment; however, the
spectra did not show any representative signal of the sample, so it is conclu-
ded that the applied temperature is what leads to the formation of the desired
nanostructured perovskite. From the results obtained through the Scherrer’s
equation for the crystallite size, it was observed that they present average values
greater than 50 nm, but according to the consulted literature, they are within
the reported interval.

After the Rietveld analysis, information was obtained on the unit cell of the
perovskite type nanomaterial, the results represented a variation in the site oc-
cupation factor that was reflected in a correlation between the occupation and
the molar quantity of these elements. It was determined that the unit cell of the
synthesized nanomaterials is orthorhombic, regardless of the amount of cation
(Pr, Sm, Ce) used and presenting a pure phase. The drawing of the cell with
the values obtained for the lattice parameters 4, b, ¢ shows a distortion and cell
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volume that depends on the ionic radii as well as the amount of the rare cation
that replaces La. The observed micrographs show that the growth of the nanos-
tructures is similar even when their stoichiometric ratio changes, being almost
entirely homogeneous.

The values obtained by the four-point probe method did not show a clear
trend; howevet, it is possible to appreciate that Sm (2803.3 x 10-4 S cm™) and Pr
(2158.9 x 10-4 S em™) at x=0.3 and displayed high conductivities whereas the hi-
ghest electrical properties for Ce is observed at x=0.6. Test at high temperatures
to evaluate coefficient of thermal expansion and electrochemical performance
are ongoing to confirm this trend.
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Abstract

Bismuth-based photocatalysts were prepared by a hydrothermal method. The
binary Bi, Ti,0_/Bi,Ti,O,, nanocomposite was obtained by the coupling of both
semiconductors. The heterojunction allows an efficient hydrogen generation
under UV irradiation, which is superior to the TiO, and the Bi O, oxides. The in-
terfaces observed by HRTEM are possibly in favor of the photoinduced-carriers
transport between both semiconductors, assisting the separation of photoge-
nerated electrons and holes. The enhanced photocatalytic hydrogen evolution
activity was attributed to an increase of light absorption to generate more pho-
toelectrons and an improved separation of photoinduced electrons and holes,
which arises from the internal electric field formed by the heterojunction be-
tween Bi,Ti,O_ and Bi T1,0 .

Keywords: Hydrogen, photocatalysis, titanium oxide, bismuth oxide,
Bi,Ti,0_./Bi ,T1,0,, nanocomposite.
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1. Introduction

The United Nations estimates that the world population will increase by al-
most 2 billion in the next 30 years. Due to this increase in population and the
economic growth associated, it is projected that global energy consumption will
increase 2-fold by the midcentury [1]. These human activities will inevitably im-
pact the environment without counting the imminent depletion of fossil fuels.
Thus, the serious problem of environmental pollution coupled with the current
energy crisis makes the development of clean and renewable energy sources a

priority [2].

Therefore, one of the main global challenges is to find a sustainable energy
source. Hydrogen, as a carbon-neutral energy carrier, is considered an envi-
ronmentally friendly and regenerative energy vector [3]. However, most of the
hydrogen presently generated is not coming from a clean energy source; the most
common is gray or black hydrogen which is neither environmentally friendly nor
economical [4, 5]. On the other hand, green hydrogen is produced from a clean
source and is a more sustainable alternative. In this sense, solar energy is the most
promising exploitable resource since it can provide the energy needed by humans
in a year, just in one hour [1]. Thus, hydrogen production from water and solar
energy by using a semiconductor is a promising idea that has attracted increa-
sing attention [0, 7]. Photocatalytic production of hydrogen is one of the most
promising ways, and the key part of this process is the development of active
photocatalysts toward H, or O, evolution reactions under visible light.

Titanium dioxide (Ti0O,) is one of the most widely used semiconductors in
photocatalytic processes due to its ability to decompose pollutants into non-toxic
substances related to its potential for the formation of photogenerated electrons
and holes [8]. Nevertheless, the main drawbacks are wide band gap energy, high
recombination of electron-hole pairs generated from visible light, as well as its
low quantum efficiency [9]. Then, many efforts have been devoted to improving
its efficacy. In this sense, TiO, nanostructures to increase the effective photoca-
talytic surface through the formation of Schottky junctions or heterojunctions
have recently been developed [3].

In this regard, bismuth-based photocatalysts are good options for visible-li-
ght-driven catalysts [10 — 16]. Among them, bismuth titanates such as Bi, T1i,O,
and Bi Ti,0 , are part of a large Bi—Ti—O family that have been shown to be
effective UV-vis-light photocatalysts [12]. Both materials present a layered
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perovskite structure and exhibit good photocatalytic activity due to their ade-
quate bandgap energy and high electron-hole pair separation efficiency. Bi,Ti,O,
possesses a bandgap energy of around 2.8 eV [14], which makes it suitable for
the photocatalytic splitting of water and degradation of organic contaminants
under ultraviolet light irradiation. Meanwhile, Bi,Ti,O ., on the other hand, has
a lower bandgap energy of around 2.9 eV [17], which allows it to respond to
visible light in addition to ultraviolet light. It has been used for a variety of pho-
tocatalytic applications, including pollutant degradation, water splitting, and CO,
reduction. Recent studies have shown that combining Bi, T1,0_ and Bi Ti,0,,
can further enhance their photocatalytic performance, leading to better hydro-
gen evolution [18]. In this work, we describe the preparation of bismuth-based
photocatalysts through and hydrothermal method. The Bi Ti,0./Bi,Ti,O,, he-
terojunction increased the generation of hydrogen through the improvement of
charge separation of photogenerated charge carriers.

2. Experimental Methodology
2.1. Photocatalysts Preparation

2.1.1. Synthesis of the Bi,O, by the hydrothermal method

The preparation of the bismuth oxides photocatalyst was done by using
bismuth (III) chloride (BiCl,, analytical grade, 98 %) as the precursort, which is
dispersed in an aqueous sodium hydroxide solution (1.5 M). Then the hydrother-
mal process was carried out, transferring the solution to a 100 mL Teflon-lined
stainless-steel autoclave at a constant temperature of 220 °C for 18 h. Once the
hydrothermal process is complete, the autoclave is allowed to cool down to a
temperature of 20 °C. The precipitate is collected by centrifugation for 20 min
to separate the product formed. The product was washed with distilled water and
finally dried at 100 °C for 6 h.

2.1.2. Synthesis of the Bi,1i,0,/Bi Ti,0 , nanocomposite

Bi,Ti,0./Bi,Ti,O , nanocomposite was prepared using bismuth (III) chloride
(BiCl,, analytical grade, 98 %) and titanium (IV) oxide (TiO,, analytical grade,
nanopowder, 21 nm primary particle size (TEM), 299.5 %) both dispersed in a
caustic soda solution (1.5 M). The solution is transferred to a 100 mL Teflon-lined
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stainless-steel autoclave and maintained at a constant temperature of 220 °C for
a period of 18 h. Once the reaction is complete, the autoclave is allowed to
cool to room temperature naturally. The precipitate is collected by centrifugation
for 20 minutes at 7000 rpm to separate the product formed. The product was
washed with distilled water and finally dried at 100 °C for 6 h. This sample was
identified as BT2/BT4.

2.2. Samples characterization

The samples were characterized by X-ray diffraction by using a RIGAKU Mi-
niflex 600 diffractometer with an X-ray tube with CuKa radiation (A\=1.5418 A)
with linear focus. The power used is 40 kV and 15 mA. An area Dtex high-speed
detector is used to obtain high-quality diffraction patterns in less time. The step
size is 0.02, and the speed is 5 °/min.

To carry out the X-ray photoelectric spectroscopy (XPS) analysis, a Thermo
Scientific K-Alpha equipment with an AlIK « source and a monochromator was
used. The general spectra are obtained using a step energy of 160 eV and 60 eV
for the high-resolution spectra using a load compensation system. Raman spec-
troscopy analyses were carried out using a HORIBA, Jobin Yvon spectrometer
equipped with a CCD detector using a helium-neon laser (wavelength 633 nm).
The UV-vis spectroscopy analysis was performed using a Perkin Elmer LLambda
365 UV-Vis equipment at 200-800 nm wavelength.

Finally, the samples were studied by high-resolution transmission electron mi-
croscopy (HRTEM), and the micrographs were obtained in a TITAN 80-300 with
Schottky-type field emission gun operating at 300 kV. The point resolution and the
information limit were better than 0.085 nm. HRTEM digital images were obtained
using a CCD camera and Digital Micrograph Software from GATAN. In order to
prepare the materials for observation, the powder samples were ultrasonically dis-
persed in ethanol and supported on holey carbon-coated copper grids.

2.3. Photocatalytic Test for hydrogen production

The photocatalytic behavior of the samples for the generation of H, was
carried out using a water/methanol solution under UV irradiation. In a typical
experiment, 0.01 g of the photocatalyst is dispersed in 150 mL of the water/
methanol (1:1 volume) solution. The reactor is closed and irradiated with a Pen
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Ray Hg UV lamp (254 nm, 4.4 mW/cm?). The products were identified using a
Perkin-Elmer model Clarus 480 chromatograph.

3. Results and discussion
3.1. Physicochemical characterization of the samples

Samples of bismuth oxide (Bi,0,) and the hybrid nanocomposite Bi, Ti,0_/
Bi,Ti,O , (BT2/BT4) were synthesized. The results were compared with com-
mercial TiO,. Figure 1 shows the diffraction patterns of the pure oxides of TiO,
and Bi,O,. In the TiO, sample (Figure 1a), the diffraction peaks are identified
as the anatase and rutile phases [19], while for the Bi,O, sample (Figure 1b),
the peaks were identified as the monoclinic («- Bi,0,) and tetragonal (8- Bi,O,)
phases [20].
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Figure 1. Diffraction patterns for the pristine oxides: a) TiO, and b) Bi,O..

Also, Figure 2 shows the diffraction patterns of the three samples of TiO,,
Bi,0,, and BT2 /BT4 in order to show the formation of the new bismuth titanate
phases cleatly. In the BT2/BT4 sample, the peaks corresponding to the cubic
phases of Bi, Ti,0_ (JCPDS-32-0118) and orthorhombic perovskite of Bi, Ti,O,,
(JCPDS-35-0795) [21] appear. The simultaneous presence of all the diffraction
peaks of the Bi, Ti,0./Bi, Ti,O,, phases in the BT2/BT4 sample indicates the for-
mation of the nanocomposite. The fraction of the Bi,Ti,O,, phase in BT2 /BT4
was estimated using the Match ® program, and it was found that 56.9 % corres-
ponds to Bi,Ti,O,,, while 43.1 % was assigned to the formation of Bi, Ti,O..
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Figure 2. Comparison of the diffraction patterns of the individual oxides with the nanocompo-
site formed Bi,Ti,0./Bi, Ti,0,, (BT2/BT4).
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The surface composition and analysis of the chemical states of the BT2/BT4
hybrid composite were analyzed by XPS (Figure 3). Figure 3a shows the survey
spectrum of the BT2/BT4 sample in which the peaks of the elements Bi, T1, and
O are observed. Likewise, the high-resolution spectra in the Bi 4f, Ti 2p, Bi 4d
regions, and O 1s are shown in Figures 3b to 3d.

The high-resolution spectrum in the Bi 4f region is shown in Figure 3b. The
presence of two peaks at 163.9 and 158.6 eV corresponding to the Bi 4f, , and
4 P signals, respectively, indicating the presence of Bi** [20], is observed. In
Figure 3c, the maximum signal of Ti 2p, P is observed at 457.5 eV, while the
maximum signal of Ti 2p, , at 463.6 ¢V is partially covered by the maximum
signal of Bi4d, , at 465.7 ¢V, which leads to an overall maximum signal at about
465.5 eV. As shown in Figure 3d, the maximum signals at 529.26 eV and 531.08
eV are assigned to lattice oxygen and adsorbed oxygen. Therefore, with the pre-
vious results, there is evidence of the formation and presence of bismuth titanate

on the catalyst surface.

Raman spectroscopy was used to verify the structure of the nanomaterials.
Figure 4 shows the Raman spectrum of Bi,O, between 100 and 700 cm™ . It is
observed that the spectrum presents many signals because a-Bi,O, is a double
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Figure 3. XPS spectra of the BT2/BT4 composite: a) Sutvey spectrum, b) Bi 4f region,
¢) Ti 2p-Bi 4d region, and d) O 1s region.
refraction biaxial crystal with a lower symmetry of the monoclinic structure. Ten
typical Bi,O, Raman peaks are observed above 100 cm™ [22], confirming the

formation of monoclinic oc—BiZOS. The mode at 119 cm™!

comes from the Ag
symmetry caused mainly by the participation of Biatoms. The 138 (Ag) and 153
cm™!' (Bg) modes can come from the displacements of the Bi and O atoms in the

«-Bi,O, lattice.
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Figure 4. Raman spectra of Bi O, in the range of 100 to 700 cm-1.
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On the other hand, Figure 5 shows the Raman spectrum of TiO, between
100 and 700 cm™". Four characteristic Raman active modes of anatase TiO, were
observed with symmetries Eg, Blg, Alg, and Eg at 142, 394, 515, and 639 cm™,
respectively, corresponding to the anatase TiO, phase [23]. No peaks correspon-
ding to the formation of traces of rutile were observed due to the low amount
of this phase in the material.
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Figure 5. Raman spectra of TiO, in the range from 100 to 700 cm’.

Finally, Figure 6 shows the Raman spectrum of the BT2/BT4 composite be-
tween 100 and 1000 cm™. The spectrum exhibits signals at approximately 117,
142,229,271, 323, 537, 566, 617, and 850 cm™, which are attributed to the internal
vibrational modes of Bi, Ti,0,, [23]. The signals corresponding to Bi,Ti,O. were
not observed since they overlap with the other titanate, Bi, 11,0, [24].

so0] 117

Intensity (a. u.)

Raman shift cm’

Figure 6. Raman spectra of composite BT2/BT4 in the range of 100 to 900 cm-1.
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On the other hand, Figures 7a and 8a show the UV-vis absorption spectra
of Bi,O, and the BT2/BT4 composite, respectively, in the wavelength range of
200 to 800 nm in which deionized water has been used as a reference solvent.
The optical bandgap has been calculated using the formula of the Tauc method,
which relates the optical bandgap (Eg) to the absorption coefficient F(R) and the
photon energy (hv) with respect to the relationship (F( R)*hv)” « (hv-Eg), where
n is associated with the different types of electronic transitions, in which it can
take values of 1/2 or 2 for direct and indirect transitions respectively [25]. Here
we have calculated the optical band gap considering the direct transition allowed
(n=1/2) because it presents the best fit to the data.

Figures 7b and 8b show a plot between F(R)*hv and the photon energy of
bismuth oxide (Bi,O,) and the BT2/BT4 composite, respectively. The optical
bandgap energy has been determined by extrapolating the linear portion of
[F(R)*hv]"/? vs. hv to the x-axis (see Figures 7b and 8b). The Bi,O, bandgap value
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Figure 7. a) UV-vis spectra of Bi, O, in the range 200 to 800 nm. b) Graph of the
Tauc method for determining the optical band gap of Bi,O..
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Figure 8. 2) UV-vis spectra of the BT2/BT4 composite in the range 200 to 800 nm. b) Graph
of the Tauc method for the determination of the optical band gap of the BT2/BT4 composite.
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has been found to be 2.25 eV, while the BT2/BT4 composite shows a slightly
narrower bandgap than the Bi O, nanoparticles, with a value of 2.62 eV; these
values are close to the bandgap values previously reported [21, 22, 26, 27].

Finally, transmission electron microscopy indicates that the sample presents
large crystals of more than 100 nm, which are in contact with nanocrystals of
different sizes and shapes smaller than 30 nm, as observed in Figure 9.
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Figure 9. HRTEM image of the BT2/BT4 sample and its corresponding FFT in three zones.
A) The FFT indicates that there are two phases, Bi, Ti,0, and Bi,Ti,0O, ,, B) The same phases
were identified as Bi,Ti,O. and Bi T1,0,,, C) This crystal was identified as Bi T1,0,; it is an

122 37127
“irregular laminar” crystal that contains planes from 5.5 A down to less than 2 A.

The large crystals correspond to the Bi, Ti O, phase, while nanocrystals gene-
rally correspond to Bi,T1,0,,. In the image, three zones were chosen, and the fast
Fourier transform (FFT) of each of them was obtained. In regions A and B, the
presence of both phases, Bi, Ti,O_and Bi, Ti,0 ,,
C it was possible to analyze a single crystal with atomic planes that correspond

to the Bi Ti,O , phase. Here planes of 5.5 A and 4.5 A are observed, mainly ob-
serving a laminar formation. These interfaces observed by HRTEM are possibly

were identified, while in region

in favor of the photoinduced-cartiers transport between both semiconductors,
assisting the separation of photogenerated electrons and holes.
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3.2. Photocatalytic performance of bismuth and titanium oxides for
hydrogen production

The photocatalytic performance of the TiO,, Bi O,, and BT2/BT4 compo-
site for hydrogen production was evaluated under ultraviolet light. The obtained
results are shown in Figure 10. The photocatalytic activity of these samples re-
presents the study of four cycles, each cycle corresponding to a determined time
of 1 hour, in which the photocatalytic activity of titanium oxide has been used
as a reference. The results show that titanium oxide presents the lowest photo-
catalytic activity; despite this, it presents a constant hydrogen generation during
the 4 hours. Bismuth oxide presents a better photocatalytic activity than titanium
oxide; the drawback is that it presents a non-constant generation in the second
cycle and stabilizes after this. Finally, the BT2/BT4 composite is the one with the
highest photocatalytic performance in hydrogen generation, remaining constant
during the 4 hours. This enhanced photocatalytic hydrogen evolution activity
was attributed to an increase of light absorption to generate more photoelec-
trons and an improved separation of photoinduced electrons and holes, which
arises from the internal electric field formed between the heterojunction between
Bi,Ti)O, and Bi, Ti,0O ..

1604 HEETIO
B0,
407 EEEBT2BT4

H, production (umol/g)

Time (hours)

Figure 10. Hydrogen evolution amounts under UV irradiation for TiO2, Bi,O,,
and the BT2/BT4 composite.
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A possible route diagram of the Bi, Ti, O_/Bi,Ti,0,, composite for hydrogen
evolution is shown in Figure 11. The conduction band (CB) and valence band
(VB) potential of Bi Ti,O,, is more negative than that of Bi,Ti,O, [18]. When the
composite is irradiated, producing photogenerated electrons and holes, the elec-
trons in the CB of Bi Ti,O , flow into the CB of Bi Ti,O. due to closely contacted
interfaces. The electric field formed by the heterojunction between Bi, Ti,O, and
Bi, Ti,0,, motivates the separation of the photogenerated electron-hole in both
semiconductors. The hydrogen ions accept electrons and convert to hydrogen.

(yy H,0

OH*+H*

Figure 11. A possible route for the hydrogen evolution for the
BT2/BT4 composite.

4. Conclusions

A Bi,Ti,0_/Bi,Ti,0,, composite was successfully obtained by a hydrother-
mal method. The composite is formed by the heterojunction of both phases in
intimate contact, as XRD, Raman, XPS, and HRTEM showed. This enhanced
photocatalytic hydrogen evolution activity was attributed to an increase of li-
ght absorption to generate more photoelectrons and an improved separation of
photoinduced electrons and holes, which arises from the internal electric field
formed by the heterojunction between Bi, Ti,O_ and Bi Ti,O .
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Abstract

In this work, the influence between two new organic compounds were com-
pared: a carbamate and a urea to prepare organogels of low molecular weight
(LMWGs). The reaction advance for the synthesis of carbamate and urea was
followed by thin-layer chromatography. The compounds were tested for organic
solvent removal in a model wastewater. The formed gels with the organic sol-
vents were characterized by Fourier transformer infrared spectroscopy (FT-IR),
nuclear magnetic resonance of proton ("H-RMN), high resolution mass spectro-
metry (HR-MS) and scanning electron microscopy (SEM). The results showed
the gel relation (molecules number of gelled solvent by gelator molecule) was
lower for the urea (0.98-5.15 wt.%) than the carbamate (1.33-15.17 wt.%). The
spectroscopy and microscopy studies showed that the urea gels formed spherical
structures with appearance of entanglement fibers, and these were stronger than
those made with carbamate, associated to hydrogen bonds.
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1. Introduction

The pollution by organic solvents is a major environmental problem because
these compounds are widely used in a wide variety of industrial and commercial
processes, such as the production of paints, adhesives, cleaners, among others
[1]. These solvents can be toxic and persistent in the environment, which can
have negative effects on human health and the environment. For example, a
way to eliminate the organic solvents of wastewater is adding amphiphilic com-
pounds (low molecular weight organogelators) able to capture and remove them
by filtration [1]. The chemical structure of amphiphilic compounds gives them
hydrophilic and hydrophobic properties [2 — 4]. They have the ability to trap po-
lar and non-polar solvents and to form supramolecular networks through weak
donor-acceptor. That is “non-covalent” intermolecular interactions between “ge-
llant-gellant”, “gellant-solvent”, “solvent-solvent” can be carried out [5 — 11].
These interactions can be done by hydrogen bonding, dipole-dipole, dipole-di-
pole interactions, van der Waals molecular interactions, molecular stacking n-m,
C-H...n molecular interactions, solvophobic effects or molecular surface stress,
among others [12].

The organogel form physical networks or supramolecular aggregates, which
can be response to physical stimulus such as temperature, light, pH, ultrasound
[13 — 10]. It has reported that these structures can used as carriers for drug de-
livery [16 — 18], tools for water organic contaminants removal [19] and scaffold
for tissue regeneration [20]. The used groups to form supramolecular aggregates
are peptides [21, 22], amides [15 — 23], ureas [24], carbamates and fatty acids [25].

In this work, two organic compounds were synthesized and characterized.
The ability to form supramolecular aggregates and gel from four different sol-
vents was compared.
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2. Materials and Methods
2.1. Materials

Hexadecyl chloroformate (96 %), hexadecyl isocyanate (97 %), N,N-dime-
thylethylenediamine (99 %) as high purity chemicals (Sigma-Aldrich, United
States). The chemicals were used without previous purification.

2.2. Methods

Melting points were determined by using an electrothermal apparatus
A29003MB. Fourier transform infrared spectroscopy (FT-IR) was performed
in a double beam Perkin-Elmer Model 1605 FT/IR spectrometer with ATR
equipment. NMR spectra were recorded in CD Cl, or DMSO-d6 solution on a
Varian Mercury spectrometer (300 or 500 MHz for '"H NMR, 75 or 125 MHz
for °C respectively). Chemical shifts were reported in parts per million relatives
to Me,Si as internal standard. Coupling constants | are expressed in Hz. High
resolution mass spectroscopy (HR-MS) was analyzed on a micro TOF-Q II
with electrospray ionization (ISI) (BrukerDaltonics, Billerica USA). All measu-
rements were carried out by triplicate at room temperature. Purification of the
reaction mixtures was carried out by column chromatography using silica gel
(Merck 70-230 Mesh) as a solid support or by recrystallization. The progress
of the reaction was followed by thin layer chromatography (TLC) on silica gel
00 F254 plates.

2.3. Gelation test

The gelation properties of each compound were tested for four different
solvents. The gelation tests were carried out as follows: 1 mL of solvent was
put and weighed in capped vial. The compound was added to solvent at in-
tervals of 2 mg until saturation was reached. The mixture was heated with a
thermal bath until the solid was dissolved into the solvent, then a clear solution
was obtained. This solution was cooled until the observation of gel formation
and this temperature was recorded. Finally, the test vial was inverted to check
that no flow of the organic solvent out of the gel. The gel was weighed again,
and the loss of solvent was calculated. After that the gel was heated and the
temperature at which it broke drown was taken. The experiments were made
by triplicate.
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2.4. Scanning Electron Microscopy

A gel sample was deposited over the cooper sample holder and cooled with
liquid nitrogen and sputtered with gold. Observations were carried out with in a
Scanning Electron Microscope JEOL model JSM 7800F at 1 kV.

3. Results and Discussion

The carbamate 3 was synthesized according of scheme of Figure 1. The
N,N-dimethylethylenediamine 2 (0.8 equiv.) was dissolved in dichloromethane
(DCM) and put in a round-bottomed flask and stirred vigorously. Then, the
hexadecyl chloroformate 1 (1 equiv.) in dichloromethane was added dropwise
during 30 min at room temperature. The reaction progress was followed by thin
layer chromatography (TLC). After two hours, the mixture reaction was extracted
with 5v/v % aqueous hydrochlotic acid solution (3 x15 mL) and water (2 x 15
mL). Organic phase was dried (Na,SO,), filtered and solvent was evaporated un-
der reduced pressure. Reaction crude product was purified by recrystallization or
by silica gel (70-100 mesh) column chromatography. The carbamate was obtained
as white solid with a yield of 94 % and melting point of 79-80 °C.

HN o~ ~ H
NN N P TN NN 2 | NN PP NP
T “aa Y Y
e} 2L, ta lo) |
1 3

Figure 1. Scheme of reaction for synthesis of carbamate 3.

The urea 6 was synthesized from hexadecyl isocyanate 4 and phenylenedia-
mine 5, following the same procedure of carbamate (Figure 2). The urea was
obtained as a white solid with a yield of 88 % and melting point of 109-110 °C.

HoN
o I j H H NH,
HoN 16' 2 | |

c* B
SN 2 o NN NN NSNS SN \”/N 3
CH,Cl,, ta !
6
3 6 E

Figure 2. Scheme of reaction for synthesis of urea 6.

The obtained compounds were analyzed by Fourier transform infra-
red spectroscopy (FT-IR), nuclear magnetic spectroscopy (NMR) and
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high-resolution mass spectroscopy (HR-MS). The spectrum of carbamate 3
shows a wide absorption band around 3311 cm™ attributed to the stretch of
N-H group and intense absorption band at 1685 cm™ attributed to carbonyl
groups (C=0), (see Figure 3). This is according with the structures of carba-

mates compounds.

110
100 E\(‘/d\‘ = N
- i n |
: \,n 5 : |/ ) m%’“(\(_fg‘p‘
; - 8 E 5 ‘TEW %E% =
= 5 & P L ] I'eoé&gu‘@ o ot
b SR 8 £ S e o o o | L2
] dl - O = o whg % o] o
e|l - 2 =) il ] g |
- k& Sl —oe L&
S e e d3 S IeTE i
o - 23 g - &
o = 5 s &
9 wi e @ ~
50~ I~ @2 o ~
5
&
b
=
o
o_I_I_I_IJ_\.II\JIH|JJ4_uJ_u_A_|_LA_u_AJ_|_A_L|JJJ_LLLA_u_AJ_|_u|\||H|\'| Lo bbb sl b3 e o b b L e bisss Bny i by v oy Ly
3500 3200 3000 2800 2600 2400 2200 2000 1800 160G 1400 1200 4000900 800 700 6

Figure 3. Infrared spectrum of carbamate 3.

Figure 4 presents the TH-NMR spectrum of carbamate 3, and shows intense
lines attributed to the deuterated solvent because the solvent was gelled by the
organic compound. The characteristic signals of methylene protons bonded to
oxygen CH -O are detected at 4.03 ppm, while the methylene from CH,-N is
shifted at 3.65 ppm.

The attributed signal to N,N-dimethylethylenediamine appears at 3.28
ppm due to H interaction from nitrogen; (NCH,), was observed as an intense
line at 2.92 ppm. In the same way, the aliphatic chain shows three additio-
nal signals at 1.59 ppm attributed to H interaction from oxygen, 1.29 ppm

attributed to the signal of (CH,),,, and 0.88 ppm corresponding to terminal

13
methyl of chain.

The results of HR-MS of catbamate 3 showed an expetimental m/z of
357.3486 (Figure 5) meanwhile the theoretical corresponds to 357.3481 as (M+1),

confirming the formation of organic compound.
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Figure 4. 1H NMR spectrum of carbamate 3.

Intens. M5, 020 7min #{14.39)|
x108. 357.3486

o5
0.50

025

000 L
50 100 150 200 250 300 300 400 430 miz

Figure 5. HR-MS spectrum of carbamate 3.

In the same way, the urea compound was analyzed by the same techniques.
The Figure 6 shows FI-IR spectrum for the urea 6, where a broad absorption
band at 3280 cm™ is observed, corresponding to NH and NH, groups and two
intense bands at 1636 and 1556 cm™ attributed to carbonyl groups (C=0).

The urea 6 also gelled the deuterated solvents. For this reason, the 1H MNR
spectrum shows a quadruplet at 3.17 ppm by the protons of methylene group
bonds to nitrogen (Figure 7). Other signals were also observed as: a quadruplet at
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Figure 7. 1H NMR spectrum of urea 6.

1.26 ppm due to aliphatic chain and a triplet at 6.66 ppm (/=9 Hz, H,), a doublet
at 6.72 ppm (/=9 Hz, H)), a triplet at 6.8 ppm (J=9 Hz, H ) and a doublet at 7.23
ppm attributed to H , confirming the presence of urea compound.

The HR-MS spectrum of urea 6 showed an m/z experimental of 389.3142,
while the theoretical was 398.3147 as sodium salt. However, an m/z experimental
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of dimer (m/z 751.6576), trimer (m/z 1148.9628) and tetramer (m/z 1525.2920)
were also obtained, attributed to the high ability of self-assemble of urea (Figure 8).

Intens. +MS, 0.0-0.5min #(1-30)
x104 751.6576
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Figure 8. HR-MS spectrum of urea 6.

In this work, two organic compounds were synthesized: a urea and a car-
bamate. Both compounds have a hydrophilic part and a hydrophobic part [2
— 4], which allow that they can form supramolecular networks and interact in a
non-covalent way, when they are in contact with solvents. For this reason, their
ability to self-assemble was tested under four organic solvents and the determi-
nation of critical gelation concentration, defined as the minimum concentration
required to obtain the molecular self-assembly to gel a solvent. The used solvents
to carbamate were hexane, toluene, 1,4-dioxane and 2-propanol while the used
solvent to urea were: carbon tetrachloride, xylene, toluene and 1,4-dioxane. The
experiments consist of the addition of the organic compound at intervals of 2
mg in a volume of solvent previously weight. The mixture at each interval was
heated until the solution turns transparent. After that, the mixture was cooled
until the gel formation and the temperature was recorded. All the experiments
were made by triplicate.

The photos of formed organogels with xylene, toluene and 1,4-dioxane with
the carbamate is shown in Figure 9. The gels feature a semi-transparent appea-
rance and colotless. This was observed to all solvents.
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Figure 9. Carbamate gels obtained with: A) xylene; B) toluene; C) 1,4-dioxane.

The photos of obtained gels with urea in presence of xylene, toluene, 1,4-dioxa-
ne y carbon tetrachloride are presented in Figure 10. The results showed that the
gels made with xylene and toluene had a transparent appearance, while the gels
formed with dioxane and carbon tetrachloride were opaque and white in color.

Figure 10. Urea gels obtained with: A) xylene; B) toluene; C) 1,4-dioxane;

D) carbon tetrachloride.

The results of supramolecular networks formation of carbamate with each sol-
vent are summarized in Table 1, while the results for the urea are presented in Table 2.

Table 1. Conditions for the gel formation of carbamate with different solvents

Solvent Gel formation | Gel breaking
. Carbamate

Solvent quantity | Error antity (g) Error |temperature |temperature | wt.%

© Qantity @ °O) °O)
Hexane 0.3262 | 0.0066 |0.0767 0.0021 |2 20 15.0
Xylene 0.3231 |0.0101 [0.0578 0.002 |43 26 15.2
Toluene 0.9558 |0.0175 |0.0446 0.0019 |10 20 4.46
1,4-dioxane | 0.7542 |0.006 |0.0571 0.0011 |2 20 7.04
2-propanol |0.5768 |0.0186 |0.0574 0.0014 |0 9 9.05
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Table 2. Conditions for the gel formation of urea with different solvents

Utrea Gel formation | Gel breaking
Solvent .

Solvent . Error |quantity |Error |temperature |temperature |wt.%
Carbon =1 94 0.0048 0.0178 | 0.0001 |1 25 1.76
tetrachloride

Xylene 1.0942 0.0492 |0.0064 0.0001 |12 12 0.58
Toluene 0.9883 0.0931 |0.0615 0.0445 |10 55 5.86
1,4-dioxane |0.9837 0.0545 |0.0534 0.0002 |5 35 5.15

Despite the formation of supramolecular networks for all solvents, their abi-
lity is limited because the higher quantities of carbamate to form gels compared
with urea. It is likely the urea had great capacity of self-assemble and forming
non-covalent networks. These results are coincident with the appearance and co-
lors obtained in the organogels. For example, it was observed that the gel formed
with urea in xylene was the one that used the least amount of organic compound
(0.58 wt.%) and it had a transparent appearance, while the gels formed with
toluene and 1,4-dioxane, the used concentration was 5.86 wt.% and 5.15 wt.%,
respectively, and their appearance was semi-transparent and colorless. The urea
in carbon tetrachloride formed a gel with a concentration of 1.76 wt.% of orga-
nic compound.

On the other hand, the best formed gel with carbamate was obtained with
toluene, using a concentration of 4.46 wt.% of organic compound with a ho-
mogenous appearance of gel. The obtained concentrations in the organogel
formation are coincident that those obtained in other works reported by biblio-
graphy [14, 26]. Due to the presented ability of carbamates and ureas to form
organogels with organic solvents, it is possible that they can be applied as organic
solvent trappers in the wastewater treatment. It is also possible that once the
gel traps the solvent it can be reobtained by a filtering process, regenerated and
reused several times the compound, which could be considered as an economical
and sustainable treatment for water treatment.

The formation and breaking temperatures of gels were also measured. The
results showed that carbamate gels with all solvent feature low temperatures of
gel formation (0<T/°C<10) as compared with those gel formation from urea
(1<T/°C<12). Concerning the breaking temperatures, urea has higher values
(12<T/°C<55) than the carbamate, where the higher reached temperature was
of 26 °C.
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It has reported that the gel formation depends on number and interaction type
between “gelator-gelator-solvent”. These interactions can be identified as hydro-
gen bonding, van der Waals forces, n-n interactions and accepter-donator. Since
the urea has two N-H bonding in its structure, while the carbamate only has one,
the urea had the best ability to form organogels due to these supramolecular inte-
ractions. In addition, the adjacent polar groups as amine and/or hydroxyl (donor
acids) increase the ability of functional groups to form organogels and trapping
organic solvents. It has also reported that the gelling capacity of molecules with
low molecular weight improves if in their structure have an aromatic part [7].

The gels of both organic compounds were analyzed by FT-IR. The spectra of
carbamate and urea gels with toluene are presented in Figure 11, as an example.
The results show that the intensity of the stretching in the vibrational bands of
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Figure 11. FT-IR gel spectra of a) carbamate with toluene and b) urea with toluene.
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the NH,, OH, CH and HNC=ONH bonds are reduced in the formed gels for
both compounds. Additionally, the spectra showed very intense bands close to
890 cm™, because the bending vibrations (or deformation) of H-C-H causing
intermolecular interactions by London dispersion.

According to FT-IR results a theoretical scheme of carbamate self-assemble
to form the gel is presented in Figure 12, because it is possible assume that the
organic compound stars to form non-covalent interactions between functional
groups, creating supramolecular networks “gelator-gelator” and “solvent-gelator”
in two and three dimensions. These interactions involve intermolecular forces as
hydrogen-donor bond interactions (solvent acidity) or hydrogen-acceptor bond
interactions (solvent basicity). These results can be coincident with the protein
aggregation model developed by Boden [27] and the Hamilton model [28]. Both
mechanisms explain that the gel formation follows three stages. In the first one,
the primary structure is formed by a molecular recognition phenomenon that
induces molecular aggregation or self-assembly, followed by the formation of
a secondary structure through the anisotropic aggregate growth that define its
morphology (micelles, vesicles, fibers corkscrews, disks, lamellae or tubules).
Finally, a tertiary structure is created by the intersection of macro-nodes, gene-
rating aggregates that allow the gel stability. In this stage, the gel formation, the
precipitation or crystallization of system is observed [29].

Figure 12. Scheme of non-covalent interactions in the gel formation.
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Gel morphology was analyzed by scanning electron microscopy. The Figure
13 shows the micrographs of carbamate organogels produced with the different
solvents where spheroidized clusters of fiber are observed. Now the structures
less defined to carbamate gels were made with hexane and xylene (Figure 13a and
13b), while the gels prepared with 1,4-dioxane and 2-propanol, structures more
defined were observed with diameters close to 20 um.

Figure 13. Carbamate organogels with a) hexane, b) xylene, c) 1,4-dioxane, d) 2-propanol.

The electron micrographs of urea gels with the solvents are present in Figure
14. Fiber clusters with spheroidized morphology are observed with mean diame-
ter of 0.8um.

Figure 14. Urea organogeles with a) carbon tetrachloride, b) xylene, c) toluene, d) 1,4-dioxane.
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4. Conclusions

In this work two organic compounds were synthesized: a carbamate and a
urea. The carbamate 3 was obtained as an amorphous white solid with a yield
of 94 %, melting point 89-90 °C, m/z 357.34806; while urea 6 was obtained as a
white solid, yield 88 %, melting point 109-110 °C and m/z 398.3142.

The organic compounds were able to produce reversible gels with all tested
organic solvents. The amount of used urea in the gel formation was lower than
used for carbamate. This result is attributed to the interactions by hydrogen bon-
ding between amino groups of urea in the self-assemble process of organogels.
Finally, these organogels have great potential to be use in the removal of organic
solvents from contaminated water.



246 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

References

1. Mohar, M., & Das, T. (2019). Phenylalanine-based low-molecular-weight gelator for the
removal of metal ions and dyes from wastewater. Soff Materials, 17(4), 328-341.
https://doi.org/10.1080/1539445X.2019.1600548

2. Kontantinova, T.V,, Klykov, V.N.; & Serebrennikova, G. A. (2001). The synthesis of
cholesterol-containing cationic amphiphils with heterocyclic bases. Russian Journal of Bio-
organic Chemistry, 27, 404-407.
https://doi.org/10.1023/A:1012996921113

3. Ohkawabata, S., Kanemaru, M., Kuawahara, S.-Y., Yamamoto, K., & Kadokawa, J.-I.
(2012) Synthesis of 6-o-hexadecyl- and 6-o-octylsucroses and their self-assembling
properties under aqueous conditions. Journal of Carbohydrate Chemistry, 31(8), 659-672.
https://doi.org/10.1080/07328303.2012.702250

4. Shimizu. T., Masuda, M., & Minamikawa, H. (2005). Supramolecular nanotube architec-
tures based on amphiphilic molecules. Chemical Reviews, 105(4), 1401-1444.
https://doi.org/10.1021/cr030072;

5. Sangeetha, N.M., & Maitra, U. (2005). Supramolecular gels: Functions and uses. Chemi-
cal Society Reviews, 34, 821-836.
https://doi.org/10.1039/b417081b

6. Balamurugan, R., Zhang, Y.-S., Fitriyani, S. & Liu, J.-H. (2016). Click chemistry-assisted,
bis-cholesteryl-appended, isosorbide-based, dual-responsive organogelators and their
self-assemblies. Soff Matter, 12, 5214-5223.
https://doi.org/10.1039/C6SM00447D

7. Curcio, P, Allix, F, Pickaert, G., & Jamart-Grégoire, B. (2011). A favorable, narrow, dh
Hansen-Parameter domain for gelation of low molecular-weight amino acid derivatives.
Chemistry Enrope, 17(48), 13603-13612.
https://doi.org/10.1002/chem.201101423

8. Zhu, G., & Dordick, J. S. (20006). Solvent Effect on Organogel Formation by Low Mo-
lecular Weight Molecules. Chemistry of Materials, 18(25), 5988-5995.
https://doi.org/10.1021/cm0619297

9. Kamlet, M. ], Abboud, J. L. M., Abraham, M. H., & Taft, R. W. (1993). Linear solvation
energy relationships. 23. A comprehensive collection of the solvatochromic parameters,
.pi.*, .alpha., and .beta., and some methods for simplifying the generalized solvatochro-
mic equation. The Journal of Organic Chemistry, 48(17), 2877-2887.
https://doi.org/10.1021/j0001652018

10. Wang, R., Geiget, C., Chen, L., Swanson, B., & Whitten, D. G. (2000). Direct Obsetva-
tion of Sol—Gel Conversion: The Role of the Solvent in Organogel Formation. Journal
of the American Chemical Society, 122(10), 2399-2400.
https://doi.org/10.1021/ja993991¢



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

INFLUENCE OF CHEMICAL STRUCTURE OF ORGANIC COMPOUNDS IN THE 247
ORGANOGEL FORMATION FOR REMOVAL OF ORGANIC SOLVENTS

Sakurai, K., Jeong, Y., Koumoto, K., Friggeri, A., Gronwald, O., Sakurai, S. ¢z a/. (2003).
Supramolecular Structure of a Sugar-Appended Organogelator Explored with Synchro-
tron X-ray Small-Angle Scattering. Langmuir, 19,20, 8211-8217.
https://doi.org/10.1021 /120346752

Yang, L., Adam, C., & Cockrof, S. L. (2015). Quantifying Solvophobic Effects in Nonpolar
Cohesive Interactions. Journal of the American Chemical Society, 137(32), 10084-10087.
https://doi.org/10.1021 /jacs.5b05736

Guo, M., Cao, X., Meijjer, E. W,, & Dankers, P. Y. W. (2013). Core-shell capsules base on
supramolecular hydrogels show shell-related erosion and release due to confinement.
Macromolecular Biosczence, 13(1), 77-83.

https://doi.org/10.1021 /jacs.5b05736

Wang, X., & Liu, M. (2014). Vicinal Solvent Effect on Supramolecular Gelation: Alco-
hol Controlled Topochemical Reaction and the Toruloid Nanostructure. Chemistry — A
European Jonrnal, 20(32), 10110-10116.
https://doi.org/10.1021/jacs.5b05736

Luo, X., Li, Z., Xiao, W, Wang, Q., & Zhong, J. (2009). Self-assembled organogels
formed by monochain derivatives of cthylenediamine. Journal of Colloid and Interface Sci-
ence, 336(2), 803-807.

https://doi.org/10.1016/j.jcis.2009.04.056

Minakuchi, N., Hoe, K, Yamaki, D., Ten-No, S., Nakashima, K., Goto, M. ¢ a/. (2012).
Versatile supramolecular gelators that can harden water, organic solvents and ionic lig-
uids. Langmuir, 28(25), 9259-92606.

https://doi.org/10.1021/1a301442f

Yang, Z., Xu, K., Wang, L., Gu, H., Wei, H., Zhang, M., & Xu, B. (2005). Self-assembly
of small molecules affords multifunctional supramolecular hydrogels for topically treat-
ing simulated uranium wounds. Chewical Communications, 35, 4414-4416.
https://doi.org/10.1039/b507314f

Liao, S. W, Rawson, J., Omori, K., Ishyama, K., Mozhdehi, D., Oancea, A. R. ez a/. (2013).
Maintaining functional islets through encapsulation in an injectable saccharide-peptide
hydrogel. Biomaterials, 34(16), 3984-3991.
https://doi.org/10.1016/j.biomaterials.2013.02.007

Nicodemus., G. D., & Bryant, S. J. (2008). Cell encapsulation in biodegradable hydrogels
for tissue engineering applications. Tissue Engineering Part B: Reviews, 14(2), 149-165.
https://doi.org/10.1089/ten.teb.2007.0332

Sone, E. D., & Stupp, S. L. (2011). Bioinspired magnetite mineralization of peptide-am-
phiphile nanofibers. Chemistry of Materials, 23(8), 2005-2007.
https://doi.org/10.1021/cm102985v



248 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

21.

22,

23.

24.

25.

26.

27.

28.

29.

Bhattacharya, S., & Krishnan-Ghosh, Y. (2001). First report of phase selective gelation
of oil from oil/water mixtures. Possible implications toward containing oil spills. Cherz-
ical Commmnications, 2, 185-186.

https://doi.org/10.1039/b0078480

Kumar, P, Kadam, M. M, & Gaikar, V. G. (2015). Low molecular weight organogels and
their application in the synthesis of CdS nanoparticles. Industrial & Engineering Chenristry
Research, 51(47), 15374-15385.

https://doi.org/10.1021/cm102985v

Hardy, J. G., Hirst, A.R., Ashworth, L., Brennan, C., & Smith, D. K. (2007). Explor-
ing molecular recognition pathways within a family of gelators with different hydrogen
bonding motifs. Tetrabedron, 63(31), 7397-7400.
https://doi.org/10.1016/.tet.2007.03.120

Vemula, P. K., Aslam, U, Mallia, V. A., & John, G. (2007). In situ synthesis of gold
nanoparticles using molecular gels and liquid crystals from vitamin-C amphiphiles.
Chemistry of Materials, 19(2), 138-140.
https://doi.org/10.1021/cm062464n

Wang, X., Zhou, L., Wang, H., Luo, Q., Xu, J., & Liu, J. (2011). Reversible organogels
triggered by dynamic K+ binding and release. Journal of Colloid and Interface Science, 353(2),
412-419.

https://doi.org/10.1016/1.jcis.2010.09.089

Aggeli, A., Nytkova, I. A., Bell, M., Harding, R., Carrick, L., Meleish, T. C. B. ez a/. (2001).
Hierarchical self-assembly of chiral rod-like molecules as a model for peptide a-sheet
tapes, ribbons, fibrils, and fibers. _Applied Physical Sciences, 98(21), 11857-11862.
https://doi.org/10.1073 /pnas.191250198

Estroff, L. A., & Hamilton, A. D. (2004). Water gelation by small organic molecules.
Chemical Reviews, 104(3), 1201-1218.
https://doi.org/10.1021/¢r0302049

Shi X. (2013). Study on protein structure based on reverse Hamilton path models.
Proceedings of The Eighth International Conference on Bio-Inspired Computing: Theories and Appli-
cations (BIC-T'A), Springer, 623-627.

https://doi.org/10.1007/978-3-642-37502-6_75

Hardy, J.G.; Hirst, A.R.; Ashworth, I.; Brennan, C.; Smith, D.K. (2007). Exploring molec-
ular recognition pathways within a family of gelators with different hydrogen bonding
motifs. Tetrahedron, 63(31), 7397-7400.

https://doi.org/10.1016/j.tet.2007.03.120



SEMICONDUCTORS
CHAPTER AND MATERIALS AREA

RELIABILITY OF FLEXIBLE
AMORPHOUS IN-GA-

ZN-O (A-1IGZO) THIN-FILM
TRANSISTORS

Isai S. Hernandez-Luna!, Pablo Toledo?,
Francisco Hernandez-Cuevas', Norberto Hernandez-Como'™

'Centro de Nanociencias y Micro y Nanotecnologias, Instituto Politécnico Na-
cional, Mexico City, Mexico.

*Escuela Supetior de Ingenierfa Quimica e Industrias Extractivas, Instituto Poli-
técnico Nacional, Mexico.

nohernandezc@ipn.mx

Hernandez-T.una, I. S., Toledo, P, Hernandez-Cuevas, E, & Hernandez-Co-
mo, N. (2023). Reliability of flexible amorphous In-Ga-Zn-O (a-IGZO)
thin-film transistors. In E. San Martin-Martinez (Ed.). Research advances in
nanosciences, micro and nanotechnologies. 1 olume 117 (pp. 249-262). Barcelona,
Spain: Omniascience.




250 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

Abstract

The application of flexible electronics will require a new class of electronic
devices and systems with outstanding characteristics such as lightness and mecha-
nical flexibility, giving the possibility of gradually entering in the daily people lives
as human health monitors. Amorphous oxide semiconductors have been part of
this type of application, becoming attractive materials for new generation flexible
electronics. In this work we evaluate the scalability of our thin-film transistor te-
chnology for possible applications such as health monitors. The characterization
of two identical TFT device fabrication processes is explored with the variant
of being fabricated on two different substrates, rigid and flexible. Rigid substrate
TFTs show slightly higher initial characteristics compared to flexible TFTs. The
degradation in flexible devices is attributed to constant mechanical stress and
roughness of the flexible substrate. Finally, in flexible devices under conditions
of mechanical stress with a radius of curvature of 4 mm, present a combined
behavior of a flexible device without mechanical stress to a device fabricate on
a rigid substrate.

Keywords: flexible electronics, oxide TFT, InGaZnO (IGZO); compatible
devices, reliability
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1. Introduction

The growing demand for electronics with innovative features has recently
oriented exploration towards new lines of technological research [1 — 4]. With
features such as light weight, low cost, adaptability, and ease of use, flexible elec-
tronics have been a topic of special interest in the scientific research community
in recent decades [4, 5]. In this sense, flexible electronics, which consists of de-
vices and systems capable of displaying electrical functionality while mechanical
stress is applied, has shown great promise in many practical applications, such
as wearable devices, smart implants, folding screens, physiological monitoring,
among many [6 — 9]. Similarly, thin-film electronics based on oxide semicon-
ductors have recently attracted increasing interest due to the characteristics they
share with flexible substrates [10 — 14]. This combination of properties, enabled
using advanced materials and processes, has find the way for new applications
in different fields, such as detection technologies and healthcare systems [15].
As active devices in such flexible systems, the reliability of oxide semiconductor
thin-film transistors is a subject of study, which must withstand the combined
stress of electrical and mechanical loads.

Since the use of amorphous metal oxides such as indium-gallium-zinc oxide,
a-1GZO as the semiconductor material, or active layer, in thin-film transistors
(TFTs) was shown by Nomura et al in 2004 [14], a huge effort has been put
into the research of amorphous oxide semiconductor (AOS) TFT devices, es-
pecially for their application in new generation flat panel displays (FPDs) and
now in alternative applications [16, 17]. Among the main advantages of amor-
phous semiconductor oxide materials are that it is possible to obtain them using
conventional deposition methods, such as sputtering, pulsed laser, by atomic la-
yers, even at room temperature [14, 18, 19]; in addition, its amorphous structure
allows to maintain similar properties in devices fabricated even in large areas [20].

The characteristics of amorphous semiconductor oxides are mainly attribu-
ted to their electronic configuration, which presents a spherical symmetry of
orbitals of their S-type energy sublevels, allowing a high degree of overlap be-
tween neighboring orbitals, forming a conduction path of free electrons despite
its amorphous structure. Inherent to the material, there is the creation of oxygen
vacancies, which affect the electrical properties of AOS [21, 22].

Regarding the electrical performance of AOS-based TFTs, the high field
effect mobility observed with respect to hydrogenated amorphous silicon TEFTs
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(a-Si;H) or organic TFTs stands out, obtaining values around of 10 Vs, even if
the AOS are processed at room temperature (RT), as well as good stability under
polarization and lighting stress. The mentioned characteristics depend not only
on the use of the semiconductor material, but also on the gate dielectric and
the contact metal or metals within the TEFT structure. Research on optimizing
the cationic composition of compounds in semiconductor materials has been
highlighted, as well as the variation in the methods used for their deposit, heat
treatments after their deposit or at the end of transistor fabricated. In the use
of dielectric materials, it is desired that they have dielectric constants higher than
SiO,, low leakage current, and good thermal stability. Additionally, the formation
of an ohmic contact is essential for the fabrication of TFTS, in the drain and source
regions have a significant influence on the performance of the device [23, 24].

The structure of the TFT can be coplanar or staggered type and bottom or
top gate, depending on the position of the gate with respect to the semiconductor
oxide. The coplanar structure generally means that the source/drain electrodes and
the semiconductor material are in the same plane. The staggered configuration
means that the metal electrodes and the semiconductor material are not in the same
plane, but rather are interleaved. For sensor applications, the bottom gate structure
is generally used, allowing semiconductor material to act as an active layer to the
outside environment. In the application of the TFT as a sensor, there are other
configurations such as the case of the extended gate TFT, where the gate metal is
used to sense the medium and have less contact resistance [25].

A'TFT is used as a three-terminal device to connect to an external circuit that
acts as an electrical signal amplifier or switch. The transistor is the central device
for data processing and transmission. The three electrodes of the transistors are
gate, source, and drain, and their three positions are not fixed and can be adjusted
according to different processes to prepare different device structures. Thin Film
Transistors (TFTs) are recognized as key building blocks/tools for the imple-
mentation of electronic logic circuits.

The use of polyimide (PI) in the industry is the most widely used represen-
tative plastic substrate presenting excellent thermal, chemical, and mechanical
resistance. PI substrates withstand the fabrication process of Low Temperature
Polycrystalline Silicon (LTPS) TFTs and oxide semiconductor TFTs [20]. Parallel
to this, PI allows high uniform and achieve device functionality under different
mechanical conditions, it is crucial to establish fabrication protocols to support
electronic functionality under different types of deformation, such as bending,
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stretching, creasing [27]. When a device is bent, the force applied to the devi-
ce varies depending on the direction of bending and the radius of curvature.
Depending on the magnitude of the force applied to the device, defects and
dislocations can form in the active layer, leading to cracks from the gate electrode
to the PI substrate in severe cases. This non-ideal phenomenon leads to deterio-
ration of the electrical characteristics and reliability of TFTs.

The strategy that is taken is the fabrication of devices in two different substra-
tes, rigid and flexible to aim at the scalability of the device for large area systems
and flexible electronics. Furthermore, the transistors are characterized to evaluate
their functionality as sensor conditioning circuits for portable devices, and health
devices. By proper design of the device structure, is possible to reduce the effect
of mechanical deformation on the active layer, allowing the realization of highly
deformable transistors.

2. Experimental part

Two fabrication processes of IGZO TFTs were carried out, A and B samples,
the difference between the processes lies in the use of different substrates as
mechanical support for devices. In process A, a square-shaped Corning Eagle
XG, one inch per side and 0.7 mm thick, purchased by Corning Incorporated, is
occupied, with the characteristic of being occupied up to 600 °C. For process B,
a Kapton HN Polyimide (P1) substrate with a square shape, two inches per side
and 50 pm thick, purchased from DuPont, was used. Pi has the characteristic of
being used up to 400 °C. For the use of Pi, a dehydration heat treatment was
carried out in air at 300 °C for 1 h, this to prevent expanding or contracting du-
ring processing. The flexible substrate is supported throughout the fabrication
process on a glass support using the surface tension provided by a few drops of
water. Both substrates were cleaned with acetone, alcohol, and water in an ultra-
sonic bath, prior to use.

The fabricated structure of the TFTs for both samples is bottom gate and
staggered type. To define the bottom gate electrode in process A, we use Cr/
Au as bilayer with 10/50 nm of thickness, the electrode was deposited using
the electron beam evaporation technique and defined by wet etching based on
ceric ammonium nitrate/potassium iodide. In process B, we use aluminum (Al)
with 150 nm of thickness deposited by thermal evaporation and defined with a
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phosphoric acid solution. The difference between the gate metals is due to the
possibility of Pi attack on the solutions that define the Cr/Au metals.

For both processes A and B, 22 nm of Al O, was used as the dielectric layer
deposited by atomic layer deposition (ALD) at 150 °C, using trimethylalumi-
num (TMA) and H O as precursors. Afterwards, 15 nm of IGZO layer was
deposited by sputtering at room temperature at 70 W in an argon plasma. HCI
and BOE 06:1 was used to define the semiconductor and gate dielectric layers,
respectively. Subsequently, 150 nm Al were deposited by sputtering as source
and drain electrodes with 150 W in argon plasma. The definition of the drain
and source metal is carried out through the Lift-off process to avoid possi-
ble deterioration of the top part of the semiconductor material. Finally, for
both processes, 200 nm of polymethylmethacrylate (PMMA) was deposited by
spin-coating as a passivation layer with a heat treatment at 150 °C in air. The
definition of PMMA is carried out using the RIE in an oxygen environment
with a power of 130 W.

We use lithography processes to define the areas that make up the TFT struc-
ture, these processes were carried out using the direct writing technique using a
Heidelberg DWLOGGES system and positive photoresist at 115 °C. The photoresist
development process is carried out with a potassium hydroxide-based solution at

room temperature. In the figure 1a) we show the bottom gate structure in stag-
gered configuration of the fabricated TFT and b) optical microscope image of
the completed device.

b)

Figure 1. a) Shows the bottom gate structure in staggered configuration of the fabricated TFT
and b) optical microscope image of the completed device.
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The fabricated TFTs have two channel widths of 80 um and 160 um with two
different channel lengths of 40 and 80 pum. In addition to the transistors, metal
insulating metal (MIM) capacitors with dimensions of 80x80 um per side were
fabricated. Electrical characterization was performed with a Keithley 4200-SCS
system at room temperature.

3. Results and discussion

According to the C-V characterization of MIM capacitors, the dielectric cons-
tant of AL O, was extracted, ki=6.4, this value is constant for the samples A
(S-A) and B (8-B). Figure 2 shows the linear and saturation transference curves
of a sample device A, measured at V = 0.1 V and V_ =5V, correspondingly. A
transistor with W=160 um and L.=40 pum is occupied. From the curves, the field
effect mobility in the saturation region (UWFET) of the transistor are extracted,
W =11 cm?/ Vs, threshold voltage (V W) V,=0.84 V, both extracted from the
linear fit of the graph IDS1/2 vs. VGS, according to the IDS formula in satura-
tion [28]; Delta Vth (DV ), which corresponds to the voltage window formed
by measuring the negative to positive and reverse voltage, DVth=0.1V, the Ton/
Ioff ratio of the transistor in the saturation transference curve, I /I =6.8x10
and the subthreshold slope (SS), corresponds to the increase in V¢ necessary to
increase the I ¢ in a decade, SS=256 mV. The gate current (I ) is plotted which
is below 10 nA.

1e.4 1Sample A
Transistor W2=160 pm L=40pm

1E-5

1E-6

1, =11.00 cm’/¥s
BT V084V
2 e DVmZO.IOV —[m (VD;O.]VJ F. M.
= T/l (S30=6.8x107 = — I (V0 IV) R M,
—F B9 gua56 mVidec L (VTSVIE M
o = =1V, VIR M.
— (Y, 5V

1E-11 4

V_ (V)

Gs (

Figure 2. Shows the linear and saturation transference curves of a sample device A, with

forward (FM.) and reverse (R.M.) measurements.
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In Figure 3a, the output characteristics of two devices with the same chan-
nel length L.=40 um and different channel width are shown, W1=80 um and
W2=160 um. We can observe that I |  with respect to its geometric relationship,
there is a good coincidence of all the output characteristic curves, this indicates a
good repeatability of the devices within the fabrication process. Figure 3b graphs
the transference in saturation for four different devices, a good fit between them

can be observed.

a) b)
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Figure 3. Show a) output characteristics and b) transfer curves for a device of sample A.

Figure 4 shows the linear and saturation transference graphs for a sample B
device, measured in a flat state, occupying a rigid glass substrate as a support.
The device presents a reduction of p . =8.9 cm®/Vs, a reduction in Vth and an
increase in the value of SS with respect to the device of sample A. The values of
the DV, window for both sets of curves, the current gate and the I_/I__ ratio
of the transistor hold with respect to the device in sample A.
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1E-10 o
DS
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2 0 z 4 Figure 4. Shows the linear and saturation

1. (Vv .
os V) transference curves of a sample device A.
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Figure 5 shows the graphs of the comparison of sample A and B for a device
with the same geometric configuration. We can observe a slight reduction in the
drain current for sample B. Figure 5a, shows an increase on origin resistor (Origin
R) at V=5V for sample B. In figure 5b a reduction of the drain current is shown
for sample B, the DV windows are kept in the same range of values. A general
reduction of the drain current of around 15 to 20 % can be observed in sample B
compared to sample A. This may be due to the roughness of the flexible substrate
and the constant flexing that the substrate exhibited during the fabrication process.

a) b)

Sample A vs Sample B 14 ] Sample A vs Sample B
TFTs Output characteristics W2=160 pm L=40 pm
W2=160 ym L=40 um Sample B= Sample A x 0.8
8.0x107 H —Sample A e 6 e e == =
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1.0x10" 4

1E-5 o
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) : 1E7
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2 6.0x10” {Origin R (8-B)= 52.8 kohm C

2 e 1E-8
. !
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Figure 5. Shows the comparison of the a) output characteristics and b) transfer curves for devi-

ces of sample A and B without mechanical stress.

Figure 6 shows the transference curves for a device from sample B under
conditions of mechanical stress with a bending radius of 4 mm. The device is
completely new, which indicates that it has not been subjected to prior electrical
characterization. A slight increase in field effect mobility is presented, and a re-
duction in V compared to a device without flexion. The values of SS, 1 /T .
and I are kept in close range for flexible devices. There is a slight increase in
the DV, window for the linear transference curve, but not significant for the

saturation transference curve.

Figure 7a shows the comparison of the saturation transference curves for a
device from samples A, B and B with flexion of 4 mm radius. A clear shift of V
towards negative values and an increase in ID__current is observed for device
B with flexion with respect to the device of sample A. The [ of the devices is
plotted, where no notable variation is shown. Figure 7b shows the output charac-
teristic curve for a value of V_ =5V, it highlights the behavior of devices B with
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Sample B with bending =4 mm
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Figure 6. Show the transfer curves for a device of sample B with mechanical
stress with a bending radius of 4 mm.
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Figure 7. a) Transfer curves and b) output characteristics for devices of sample
A, B, and B with bending

bending, which have an initial behavior corresponding to a flexible device wi-
thout mechanical tension to a behavior of a device fabricated on a rigid substrate.

When comparing the results of two samples fabricated with the same tech-
nology, but changing their mechanical support, a reliability of the manufacturing
process was obtained by seeing a good repeatability in their characteristic cur-
ves. For flexible substrates that show mechanical stress conditions with a radius
of curvature of 4 mm, we can predict their use as health monitors in portable
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applications that at least have a radius of curvature greater than 4 mm, for exam-
ple the human finger has a radius of curvature of 12 mm, which may be feasible
to use in this kind of applications.

4. Conclusions

In this work we evaluate the scalability of our thin-film transistor of fabrica-
tion process, when comparing the characterization of two identical TFT devices
with the variant of being fabricated on two different substrates, rigid and flexi-
ble. Rigid substrate TFTs show slightly higher initial characteristics compared
to flexible TFTs. The degradation in flexible devices is attributed to constant
mechanical stress and roughness of the flexible substrate. Finally, in flexible de-
vices under conditions of mechanical stress with a radius of curvature of 4 mm,
present a combined behavior of a flexible device without mechanical stress to a
device fabricate on a rigid substrate. We consider the use of this fabrication pro-
cess for possible applications such as portable health monitors.
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Abstract

Superhydrophobic durability or robustness refers to the ability of a super-
hydrophobic coating to maintain its structure and resist external mechanical
damage over time since it depends on this ability to be marketable. We developed
a superhydrophobic coating surface based on a composite of SiO,-nanoparti-
cles, polystyrene (GPPS), and a non-solvent. The SiO,/GPPS superhydrophobic
composite coating has an apparent static contact angle (ASCA) with water of
~156.72+0.53° and a water slip angle of ~3.520.32° these values are similar
when the superhydrophobic coating are applied on different substrates surfaces.
The durability of the superhydrophobic coating was investigated by applying
different tests both in laboratory conditions and in natural environments. After
each test, changes in the topography (mechanical wear) of the coating surface
were examined by scanning electron microscopy. The superhydrophobic coating
on quarry table tile substrate showed outstanding resistance against mechanical
damage, including sticking, tangential abrasion, sharp scratching, thermal stabi-
lity, and chemical corrosion while retaining its superhydrophobicity. The coated
quarry table tile also showed excellent durability against the impact of water
drops, but poor stability to ultraviolet (UV) radiation, and more importantly, the
ceramic essentially showed high repellency to different liquids and, moreover,
showed remarkable self-cleaning effect, highlighting its potential use in various
practical applications.

Keywords: Superhydrophobicity, Polystyrene Nanocomposite, Self-cleaning
Surface, Mechanical Durability, Spray Coating, Sol-Gel Method, Robust Coating;
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1. Introduction

The ability of superhydrophobic surfaces to stay dry [1], self-cleaning [2],
and anti-corrosion [3] is one of the most discussed topics at the present due
to several practical applications across a wide range of areas, including buil-
dings [4], textiles [5], medicine [6], drag reduction during fluid transportation
[7, 8] and many others. It is well known that when water droplets get into con-
tact with these surfaces, they must have high apparent static contact angles (>
150°) and low rolling-off angles (< 10°). This is possible for surfaces that have
low-surface-energy chemistry and micro- or nanoscale surface roughness, which
minimizes contact between the liquid and the solid surface [9 — 11]. Nevertheless,
rough surfaces, where only a small fraction of the total area is in contact with the
liquid, are very fragile and can be easily destroyed by light friction on the surface.

Up to date, most superhydrophobic surfaces have poor durability and tend
to lose their anti-wetting properties even a slight friction or mechanical contact
on the surface. The problem of durability or stability refers to wear by exploi-
ting the hierarchical roughness or wear of the low surface energy coating or
damage of both. However, mechanical contact not only causes damage to rou-
ghness topography but also surface contamination, which shortens the lifetime
of superhydrophobic surfaces despite the self-cleaning effect. Thus, durability
knowledge of a water-repellent surface is extremely important for applications in
practical life, which determines whether superhydrophobic surfaces can be used
in the area, and the performance of the devices in the long-term operation [12].

Nowadays, studies have begun to address the mechanical durability and a lot of
characterization technique have been proposed, probing different aspects of dura-
bility on such surfaces (i.e., mechanical abrasion, dynamic impact, chemicals, severe
environmental conditions, etc.) [13]. This in turn has led to the invention of new
and more durable superhydrophobic surfaces. A few recent reviews exist which co-
ver some aspects of characterization, enhancing the robustness of the hierarchical
structure, and fabricating with hydrophobic materials. Several new strategies have
been developed to address and solve this issue, for example, the use of a bonding
layer [14, 15] strengthens the bond between the coating and the substrate, the ran-
dom introduction of discrete microstructures [16 — 18] withstands the force of
abrasion allowing the abrasion to wear away the top layers of the self-similar struc-
ture, these strategies have resulted in only modest improvements in robustness. To
date, new strategic designs continue to be implemented to improve the mechanical
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robustness of superhydrophobic coatings. Therefore, more efforts are still required
to develop a highly robust superhydrophobic surface for industrial applications.

In this research, we successfully developed a semi-transparent, and mechani-
cally stable superhydrophobic coating by Sol-Gel method. The product can be
easily applied by Spray-coating technique on different kinds of solid substrates
to create superhydrophobic surfaces with extremely high-water contact angles
and low roll-off angles. The fabricated superhydrophobic surfaces were applied
on different substrates, their repellency with different liquids was treated, and
their self-cleaning effect was tested with water drops. The developed coatings
were tested under adverse conditions such as tangential abrasion, temperature,
tape peeling, sharp scratching, chemical corrosion, water droplet impact, and the

severe environment.

The developed coating exhibits excellent stability for various wear tests and its
self-cleaning effect promotes great potential for practical outdoor applications.
In brief, the design and fabrication of durable and chemically stable superhydro-
phobic surfaces has become increasingly significant and practical.

2. Experimental Section
2.1. Materials

General Purpose Polystyrene granules (GPPS grade HF 777), melt flow index
(MFI)=8 ¢/10 min obtained from Resitene S.A. of C.V. (CDMX, Mexico). Hy-
drophobic Fumed Silica (HFS, AEROSIL R972) (Silica, SiO,) purchased from
First Quality Chemicals, S.A. of C.V. (State of Mexico, Mexico) and used as
received. AEROSIL R972 is a fumed silica after-treated with DDS (Dimethyldi-
chlorosilane), it has a specific surface area of 90-130 m2/g and primary particle
size of 16 nm. Tetrahydrofuran (THF) and Absolute Ethyl Alcohol (Ethanol,
EtOH) were supplied from Merck (Darmstadt, Mexico) and used as received.

2.2. Methods

2.2.1. Preparation of the coating solution

The precursor coating solution was prepared as follows. GPPS solution at
2 wt% was prepared by dissolving GPPS granules into the solvent (THF) at
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room temperature for 30 minutes, then, EtOH was slowly added to complete
a solvent-nonsolvent ratio of 75:25 (THF/EtOH) and stirring for 15 minutes.
Finally, 2 known amount of SiO -nanoparticles (36 wt%) were dispersed with
the master solution while magnetically stirring for 1 hour until a homogeneous
mixture was obtained.

The variables conditions for the superhydrophobic coating were content of
SiO,-nanoparticles at 36 wt%, substrate temperature at 150 °C, and substrate
drying time at 50 min. Under these conditions, the surface is extremely rough,
inducing non-wetting properties that are virtually unaffected by the underlaying
substrate.

2.2.2. Deposition of the coating solution

CICATA"
Legaria

Figure 1. Image of the experimental spray coating set-up (airbrush + hot plate).

The coating solution were deposited by using the configuration in our pre-
vious paper. A simple commercial airbrush (Trupper Aero-35) system supplied
by air compressor and fixed on a mechanic arm over a hot plate was used for the
spray-coating, The spray distance from the substrate was held constant at 25 cm
and air pressure at 45 psi. The solutions were sprayed onto clean substrates for
5 s. This procedure was repeated for 5 times with a time interval of 2 min. The
airbrush was slowly moved laterally to make a uniform coating on the substrates.
All films were made by this configuration technique. The representative image
of the airbrush spray-coating setup is shown in Figure 1. For all substrates, the
substrate temperature at 150 °C and the substrate drying time at 50 min. These
precursor coating preparation conditions induce non-wetting properties that are
virtually unaffected by the underlying substrate.
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2.3. Characterizations

2.3.1. Superhydrophobic properties measurements

The surface roughness parameter (average roughness, Ra) was obtained by
Dektak3 Surface Profilometer. The arithmetic average roughness value Ra reacts
to hills and valleys, the measured length (In) was 2000 um at a speed of 2um/s.
Apparent Static Contact Angle (ASCA) measurements of the superhydrophobic
films were performed by the sessile drop method using a micro-pipette and tap
water. The reported ASCAs are the mean values of measurements on a 10 uL.
water droplet at five different positions on each sample. Roll-off /Sliding Angles
(SA) were determined by slowly tilting the sample stage until the 10 uL. water dro-
plet started to move. This measurement was performed 5 times for each sample,
and all reported ASCA and SA are averages of the five measurements.

2.3.2. Superhydrophobic robustness tests
2.3.2.1. Adhesion test

Tape-peeling test was conducted to assess the adhesion stability of the hybrid
superhydrophobic coating, The tape-peeling test was carried out using a 3M duct
tape, based on the ASTM D3359-02 standard. The tape has a thickness of 0.19 mm
and width of 46 mm which is just enough to cover the surface of the substrate. The
pressure was laid by using a cylindrical aluminum block (5.0 kg) as a roller (Figure
2) across the coated surface to ensure a good contact with the coating, then slowly
pulled away from the sample surface, and this process was repeated for 10 times at
the sample place using a new tape. The non-wetting properties, i.e., apparent static
contact angle (ASCA) and sliding angle (SA) are evaluated after each peeling cycle.

Weight

3M duct tape

Figure 2. Photograph showing

the tape-peeling test.
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2.3.2.2. Tangential abrasion test

Wear abrasion test was conducted as illustrated in Figure 3. In this test, the
sample is positioned on a 600-grit size sandpaper with the coated surface in con-
tact with the sandpaper and on top of samples surface placed 320 g of weight is
placed. In the first step, the sample travels a distance of 10 cm on the sandpaper,
and then the sample is rotated 90°. In the second step, the sample returns to its
original position with a travel distance of 10 cm. These two steps are considered as
one abrasion cycle. A total of 10 abrasion test cycles are carry out that correspond
to a total travel distance of 200 cm. The pressure applied on the surface during the
test was approximately 2.33 kPa, according to the size of the piece of quarry table
tile of 45 x 30 mm and 320 g of weight on it. After each abrasion, the superhydro-
phobic surfaces were cleaned by blown with air. The values of the ASCA and SA
measurements were taken after every abrasion linear cycle on the material.

Moving direction

Superhydrophobic substrate

600 GRIT sandpaper

Figure 3. Photograph of the abrasion test of superhydrophobic surface.
2.3.2.3. Sharp scratch test

The sharp object scratch test was conducted by using a steel blade as the
indenter. The coated samples were placed on a flat smooth stage. The flat steel
blade was then dragged by hand in two directions perpendicular to the sample
dimensions. In this test, the pressure applied to the top surface of the superhy-
drophobic film is sufficient to severe damage it.
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2.3.2.4. Dynamic impact test

Water-droplet impact experiment was performed and the impingement process
of water droplets on the surface was captured by a high-speed camera fitted with
a macro lens. The continuous water drops apparatus was homebuilt as shown in
Figure 4. The test was carried out following some steps as reported [19 — 21]. The
superhydrophobic sample was mounted on a lab tripod stage and place at 35 cm
below the shower head water drops exit. The water-droplet impact experiment is
supplied with a laboratory peristaltic pump with a velocity of 10 rpm to create a
water mass flow rate of 1.8 L/min. Droplets wete impacted onto the superhydro-
phobic sample during 10 min. After drops impact interval, the samples are shaken
by hand for 2 minutes to remove embedded drops on the surface, then the tested
surface is blown with compressed air 1 minute from approximately 10 cm to re-
move the drops remaining, all this process was repeated 6 times for a same sample.
After 6-time intervals, equaling a total of 60 minutes, the sample was heated at 100
°C for 40 min to evaporate any water trapped inside the surface asperities.

Figure 4. Photo of the water droplets impact test set-up.

2.3.2.5. Environmental test

In order to test the practical performance and durability of the superhydrophobic
samples, outdoor weathering test was carried out for a testing period of 2 months (60
days) on the roof of a tall building in Mexico City. Samples were placed horizontally.
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Under outdoor weathering, the superhydrophobic coating is exposed against harsh
environmental ageing, i.e., heat, moisture, acidic rainfall, and UV radiation. The per-
formance analysis of the superhydrophobic sample was caried out by analysis the
ASCA and SA every 10 days till 60 days. ASCA and SA measurements were measured
using the same set-up mentioned eatly at room temperature. The values to be repor-
ted are the average of five measurements made on different areas of the sample.

2.3.2.6. Thermal stability test

The effect of thermal stability was performed by heating the superhydro-
phobic coating into a muffle at a constant temperature. The superhydrophobic
samples were exposed to temperatures of 100 °C for 20 days. ASCA and SA

values were measured after cooling to room temperature every 5 days.
2.3.2.7. Chemical corrosion test

In this research, we evaluated the acid- and alkali-resistant ability of superhydro-
phobic of as-prepared material. The ASCAs of acidic and basic aqueous solutions
with pH ranging from 1 to 14 were measured. For a pH value, five droplets were
placed in different positions for each sample and the ASCA average value was
taken as its ASCA value, all measurements were carried out at room temperature.

3. Finding and Discussion

3.1. Weuability of the surfaces: Application on different substrates surfaces

Figure 5. Photo of water droplets deposited on different substrates: a) quarry table tile,
b) glass coverslip, ¢) galvanized steel sheet, d) copper sheet, and ¢) tile.
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The methodology development presented has the advantage that it can be
easily used to treat surfaces of several kinds of substrate. The evidence for this
statement is provided in Figure 5 and Table 1, which show the experimental and
observed results of ASCA, SR, and SA measurements, respectively, carry out
treated surfaces of tile, galvanized steel sheet, and cooper sheet. For comparison,
superhydrophobic properties on glass coverslip and quarry table tile, discussed
previously reported, are also included.

Table 1. Superhydrophobic properties measured on different substrates.

Substrat Predicted values Superhydrophobic properties

strate

. ASCA (°) [SR (am) |ASCA () |SR(@am) |SA ()
Quarry table tile 157.1940.33 | 55.79+0.35 | 3.2+0.15
Glass coverslip 156.76%10.52 | 54.32+0.63 | 3.4+0.45
if:mzed“ed 156.51 | 54.62 156.1940.67 |54.06+0.73 | 3.5+0.13
Cooper sheet 156.19+0.74 | 55.46+0.43 | 3.4+0.53
Tile 157.2740.37 |55.75+0.84 |3.2+0.35

As we can see, the values of ASCA and SR that correspond to the five subs-
trates are in agreement with the expected experimental value. ASCA, SR, and
SA reported in Table 1 for various treated substrates show narrow ranges of
variations, this could be attributed to the difference on the roughnesses of the
substrate materials. We can say that our superhydrophobic coating deposited on
these substrates are not affected by the type of substrate surface.

3.2. Wettability of the surfaces: Application with different kinds of
liquids

We evaluated some common liquids, such as tea, orange juice, milk, Coca-Co-
la, and urine. In Figure 6 droplets of different liquids are shown in the shape of
a sphere on the superhydrophobic substrate. The superhydrophobic character of
the coated substrate was evaluated as performed a water droplet by measuring
the ASCA and SA.

The results are shown in Figure 6, the ASCA of the liquids remained above
150° and the SA below 10°. However, we note that for milk, SA showed a slight
increase, this may be due to the fact that the surface tension presented by this
liquid is very close to the value of the surface tension of the coating;
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Figure 6. a) Photo of the different kinds of liquids on the superhydrophobic quarry table tile
substrate, b) ASCA and SA of different kinds of liquids.

3.3. Self-cleaning performance

It is well known that the self-cleaning effect is a significant characteristic of
superhydrophobic surface in real application. In this study, natural graphite par-
ticles were used as a contaminant to investigate the self-cleaning performance
of coated surface. The photographs in Figure 7 illustrate the time sequence of
self-cleaning ability. The superhydrophobic substrate was set at a ~8° tilt.

Figure 7a shows the superhydrophobic substrate clean, i.e., without natural
graphite particles. While Figure 7b shows the natural graphite particles that were
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Figure 7. Time sequence of the self-cleaning test on the coated surface with ~8° tilt.
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deliberately spread on the superhydrophobic coating surface. We observed that,
as the water droplets were dropped to the coated surface, the droplets began to
roll off swiftly taking away the contaminant particles (Figure 7c, 7d). This beha-
vior is attributed to the joint action of the high capillary forces resulting from the
water droplet and the weak adhesion of the contaminant particles to the superhy-
drophobic coated [7]. Therefore, our superhydrophobic film exhibits an excellent
self-cleaning effect and expansive potential application prospects.

3.4. Adhesion performance

Testing the adhesion was the first measurement to be conducted in a test series
regarding mechanical durability evaluation of the superhydrophobic film. The re-
sults are plotted in Figure 8. As we can see, the superhydrophobic of the hybrid
coating can maintain until 8 peel cycles (ASCA ~150£0.30° and SA ~7.50, Figure
8a). Additionally, the inset photographs show remains of tape on the substrate and
that when it was removed it stuck to the film or in any case to the substrate cau-
sing loss of superhydrophobicity. On the contrary, we noticed 9 and 10 peel-off
cycles caused damage or detachment of the film. This negative trend is evidence
of the observation that the film was peeling-off the substrate during latest cycles
of testing (Figure 8b), indicating that a little hydrophobic SiO -nanoparticles were
transferred to the tape surface, leading to an antiwetting performance degradation.

This mechanical adhesion stability indicated that the manufactured superhy-
drophobic layer had a good adhesion property to the quarry table tile substrate
up to 8 peel cycles, proving that the coating could be considered as robust.
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Figure 8. a) ASCA and SA measured tape-peeling cycles on the superhydrophobic sample.
Insets: photographs of tape test and image of scotch tape surface. b) SEM image after pecling
off sticky tape. Inset: ASCA of the coating after 10 tape-peeling cycles.
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3.5. Wear abrasion performance

In this research work, the superhydrophobic layer was abraded by sandpaper
with 10 abrasion cycles. Figure 9a shows the ASCA and SA for different friction
cycles and the insets images of the static water droplets for the 1st and 10th
abrasion cycles. It can be seen that as the friction cycles increased from 1 to 8 ti-
mes under 320 g of weight, the ASCA of the material still maintained more than
150° and SA less than 10°. On the other hand, when the abrasion cycles reached
10 times, the surface lost its superhydrophobicity with a travel distance of 200
cm. Further abrasion of superhydrophobic sample makes it superhydrophobic
stick and even large water droplets do not roll off at 90° tilt angles. This is due
to physical abrasion and resultant polymer/nanoparticle wear and removal from
the surface layer. Inspection of SEM images after 10 ties of wear abrasion cycles
supports this statement (see Figure 9b).

After mechanical abrasion cycles, the tests results demonstrated a slight chan-
ge in superhydrophobic properties, yet the special hybrid coating could efficiently
withstand the abrasion cycles to some extent, maintaining its superhydrophobicity.
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Figure 9. a) ASCA and SA measured for the abrasion cycles. Inset: shape of the water droplets
on the surface. by SEM image after 10 cycles of abrasion test.

3.6. Sharp scratched performance

To further study the mechanical durability of superhydrophobic films, a
sharp scratch test was performed. As shown in Figure 10a, a series of sharp
scratches on the as-prepared hybrid material are noticed, indicating that the
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superhydrophobic material could not stand for sharp scratch test. However, the
water droplets on the scratched superhydrophobic surface can still move freely
as long as it does not hit a scratch. We also note that, after sharp scratched tests,
severe abrasion scratches are observed at macro-scale on the superhydrophobic
surface that even the hybrid material could be removed from the substrate. SEM
images of the coating after sharp scratched tests showed significant alteration of
superhydrophobic surface morphology (Figure 10b), so the superhydrophobic
coating cannot pass the sharp scratch test.

The results demonstrate that superhydrophobic films which have a micro-sca-
le topography is not tolerant to damage. In real application, the high sharp scratch
can extend the applied range of the superhydrophobic materials.

Figure 10. a) Image of the superhydrophobic coating after abrasion with sharp scratch. b) SEM
micrographs of coated substrate after scratching with a knife.

3.7. Water-droplet impact performance

The durability of the superhydrophobic coating was also assessed by a hi-
gh-speed droplet impact experiment. Figure 11a illustrates the effect of water on
the ASCA and SA of the superhydrophobic film immediately after each spray
droplet impact interval. It is evident that the average values of ASCA and SA
did not experience significant changes after being sprayed for 20 min. After that
exposure time, the sample lost its superhydrophobic performance (ASCA <150°
and SA >10°). This indicates that the intense water droplet impact test damages
the superhydrophobicity of the coating by either removing SiO -nanoparticles
from the surface of the composite material or by degrading hydroxyl oxide func-
tional groups or other low surface energy functional groups.
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Upon heating the samples after the spray droplet impact test, the ASCA of the
sample recovered to some degree but did not return to its initial value. This indica-
tes that the loss superhydrophobicity property during droplet spraying was not due
to mechanical erosion or change in surface morphology, but rather to saturation
of the microstructured surface due to water, as can be seen in the SEM image in
Figure 11b. This saturation might effectively change the coating surface from the
superhydrophobic Cassie-Baxter state to the wetted Wenzel state [19, 22].
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Figure 11. a) ASCA and SA details with respect to exposure time of water droplets impact. b)
SEM image of surface after exposure to simulated rain.

Studies reported by Zhang e al. [16] conclude that when an external force is
applied to the surface either by water jet impact, water drop impact, sand particle
impact abrasion or direct shear abrasion, water or sand could impregnate into the
grooves od the rough texture if the impact force is large enough and subsequent-
ly remove part or all of the coverage of the nanoparticle surface of the coating
that does not have chemical bond with the substrate.

3.8. Outdoor weather performance

In order to assess the practical long-term performance of the superhydro-
phobic substrate, it was exposed to outdoor weathering for a 2-months period.
For the outdoor weathering experiment, ASCA values are plotted in Figure 12a
as a function of time (days), and the inset images show the surface change and
degradation of the superhydrophobic film over the days. From Figure 12a, it is
observed that the apparent static contact angles decrease abruptly linearly from
161.58%0.78° to 86.46+0.61° over two months of outdoor weathering,
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We believe that the increase deterioration effect of the superhydrophobic film
is due to either the accumulation of dust particles on the samples or the sticking
of the dust particles after water droplets evaporate from the surface over time.
Moreover, it can be clearly observed from Figure 12b that the coating shows
some cracks which are the beginning of the deterioration phenomenon.
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Figure 12. a) ASCA and SA with respect to exposure time in days. Inset: Photograph of the
sample on a certain day. b) SEM image of the coated sample after outdoor exposure. Inset:
Shape of the water droplet on the coated surface.

Studies conducted by Sakhuja ez a/. [23] report that the degradation effect caused
by outdoor weathering on their superhydrophobic films decreases as long as they
are mounted at an inclination of either 10° or 20°. They hypothesized that when
the dirt particles come into contact with nanostructured substrates, they cannot
penetrate the nanosized voids between two adjacent nanostructures, but instead
settle on the nanostructures surface of the substrate. Therefore, the contaminant
particles flow together with the water off the surface, allowing the coated substra-
tes to exhibit a self-cleaning effect compared to horizontally placed samples where
the contaminant particles mix with water and remain adhered to the surface of the
nanostructured substrate. Thus, the improvement in the self-cleaning effect may
be due to the inclination angle of the substrate. Inclination of the substrate has an
important effect on self-cleaning behavior, allowing the water flowing over sample
to provide a sheeting effect, removing dirt particles more easily during rains.

3.9. Thermal stability performance

The effect of thermal treatment on the wettability of the superhydrophobic
coating was systematically studied. The superhydrophobic substrate was heated
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at 100 °C for 20 days, the ASCA and SA values were measured at room tempera-
ture every 5 days, and the results are shown in Figure 13.

As can be clearly seen in Figure 13a, the composite coating remained super-
hydrophobic property till 15 days of exposure time into an oven and water drops
rolled on the surface of the coating. However, as the exposure time increases to 20
days, ASCA dramatically decrease to 141.7310.56° and SA increased to >10°, this
could be attributed to the decomposition of GPPS in the coating composite, and
some of the GPPS fragments volatilized leading to the water drops wetting the coa-
ting surface. Meanwhile, we believe that silica oxide hydroxyl groups could remain
on the surface of hydrophobic SiO,-nanopatticles reacting with each other, and
this reaction might also occur between the substrate and the SiO -nanoparticles.

a)

b e |

uperhydrophobic quarry table tile

1417360568

Sliding Angle (°)

i —@— ASCA

L —e— sudm; An;]: B

0 é lI(] 1‘5 2‘0 e
prsre ey 10kV X500 = 50pm 07 50 SEI

Figure 13. a) Effect of temperature on superhydrophobicity. by SEM image of superhydropho-
bic coating after 20 days of heating exposure. Inset: ASCA for the sample.

Nevertheless, with the continuous decomposition of the hybrid nanocom-
posite and the condensation between hydroxyls, the Si-CH, groups lead to
decomposition, and a mass of Si-OH generated, could result in the superhydro-
phobicity of the coating. In addition, we can note that the superhydrophobic
coating does not suffer physical damage (Figure 13b) but chemical decomposi-
tion as we have just described. These results indicate that the thermal stability of
our superhydrophobic film could be stable at least for 15 days.

3.10. Chemical corrosion performance
In our previous tests on mechanical stability, the apparent static contact angle

(ASCA) and sliding angle (SA) measurements were evaluated by using pure water.
However, in practical applications, the majority of liquids are not pure water only.
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Thus, it is recommended to study the wettability properties of different liquids
with different pH values on the superhydrophobic films. In this research, we
evaluated the acid-and alkali-resistant ability of superhydrophobic GPPS film of
different liquids with pH ranging from 1 to 14.

Figure 14a shows the relationship between pH values versus ASCA and SA,
and the photograph inset shows the shapes of acidic and basic aqueous droplets
on the superhydrophobic quarry table tile substrate. As can be seen, water dro-
plets with pH range from 1 to 12 have no significant effect on the ASCA and SA.
That is, the ASCASs are larger than 150° and SAs were still less than 10° for co-
rrosive liquids. In addition, when the aqueous liquid droplets contacted with the
porous superhydrophobic GPPS film after a short period of time, no decrease
in ASCA was observed, this could be due to the mico/nanostructure of the coa-
ting did not deteriorate after being in contact with the aqueous solution droplets.
Therefore, the water droplet can be moved easily when the surface is slightly
tilted. However, for the pH values of 13 and 14, the ASCAs were 132.34£0.38°
and 133.11£0.51°, respectively, and the SAs were not possible to measure it for
those pH values. In this case, the less ASCA and the high SA observed in alkaline
solution is attributed to the chemical wear degradation of the hybrid nanocom-
posites being faster than in acid solution. As can be seen in SEM image (Figure
14b), the superhydrophobic coating does not suffer physical damage, but the loss
of the superhydrophobic property can be due to the chemical wear of the film,
this statement must be corroborated by EDS or FTIR measurements, which are
not shown in this study. From an experimental point of view, with respect to
these results, our superhydrophobic GPPS is suitable for practical applications in

corrosive liquids between the 1-12 pH range.
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Figure 14. a) ASCA and SA on the superhydrophobic substrate. Inset: Image of the different
pH value liquids on the superhydrophobic material. b) SEM image after chemical corrosion test.
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The corrosion of strong acidic or basic liquids on a solid surface is known to
be great. Therefore, the surface micro/nanostructure found on a solid substrate
can be destroyed due to the strong corrosive property when suffering strong aci-
dic or basic aqueous solutions, which may lead to the changes of ASCA and SA
because the geometric micro/nanostructure of the surface is an important factor
for the wettability of a solid [24, 25].

4. Conclusions

The superhydrophobic coating showed exceptional liquid-repellency to some
liquids including water, tea, orange juice, milk, coke, and urine. The substrate
shown to have almost no effect on the hydrophobic character of the applied coa-
tings, which were produced on quarry tablet tile, glass coverslip, tile, galvanized
steel and copper sheet.

The results demonstrated that the superhydrophobic films present a considera-
ble mechanical resistance toward multi-fold, adhesion, wear abrasion, sharp scratch,
water-droplet impact, thermal stability, outdoor weathering, and even chemical co-
rrosion. Our design strategy could also be applied to different kinds of heat-resistant
materials, brick, aluminum, or concrete, which are needed to retain effective self-clea-
ning, anti-fouling or anti-corrosion abilities in harsh operating environments.

A proper control of nanoparticles is one of the main challenges to produ-
ce a hierarchical rough surface and, moreover, the mechanisms that trigger the
Cassie-Baxter and Wenzel regime transitions still need to be further investigated.

The Sol-Gel method and the Spray-Coating technique are simple and cheap,
they demonstrate that the development of superhydrophobic surfaces can be
obtained in the laboratory for future research and other application areas.
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FINAL CONCLUSIONS AND
RECOMMENDATIONS

In this volume IV, researchers in energy have developed innovative methods
for renewable and clean energy, in particular, in electrolyzers for the generation
of hydrogen from water, a reaction known as water splitting or oxidation with
the topics “Incorporation of Fe -F6 blocks into laminar hydroxides of Fe, Ni: ex-
ploring on the water oxidation reaction”; “Photocatalytic generation of hydrogen
using titanium and bismuth oxide catalysts”. Other topics for the development
of solid fuel cells; “Evaluation of the partial substitution of the lanthanum A-si-
te in ABO -type perovskites: structural and properties for solid-state fuel cells
applications”; Or the use of by-products of biodiesel production “Glycerol elec-
trooxidation for energy conversion using metal nanoparticles.”

In the area of health, research is focused on the study of breast cancer with
two investigations “Nanostructured lipid carriers for cancer treatment: effect of
process parameters on particle size and polydispersity index using experimental
design” and “Design of nanomaterials toward the contrast enhancement in mam-
mography images for breast cancer diagnosis”. Other investigations “Thermal
study of nanocomposites for medical applications” and “Numerical simulation
of a PDMS microfluidic channel compatible with biosensors”, contribute to new
medical devices to use as future tools.

Research in food seeks conservation through coating with nanostructured fil-
ms and incorporating natural compounds that can improve conservation. They
are also investigating the incorporation of nutrients in nanocapsules or nanofi-
bers, which can later be administered in daily intakes.
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The development of new materials such as “Reliability of flexible amorphous
In-Ga-Zn-O (a-1GZO) thin-film transistors” and Superhydrophobic Nanocoa-
ting and Their Mechanical Stability for Buildings Materials Application, carry
out research for applications in new areas, depending on of the entrepreneurial
demands will be successful.

Readers and researchers in nanosciences will find in this volume IV of advances
in micro nanosciences and nanotechnology of the RNMN network of the IPN,
innovative and original research that covers most areas of knowledge, seeking to

meet the needs of society (LA TECNICA AL SERVICIO DE LA PATRIA).
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