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Resumen

Sintesis, caracterizacion y evaluacion de membranas base poliuretano para
Destilacién Directa por Contacto en Membranas.

El poliuretano (PU) es un material con baja conductividad térmica con un potencial
aislante térmico interesante, ademas de ser hidrofébico por lo tanto su potencial uso
como membrana para un sistema destilacion por membrana en purificacion se ha
evaluado. Es importante sefalar que han sido muy escasos los trabajos publicados
con este material para dicha aplicacion.

En este contexto, este trabajo tiene como objetivo el desarrollo de una membrana
base poliuretano, ya sea como dispersion (PUD) o como termoplastico (TPU),
obtenida mediante diferentes métodos de fabricacion (electrohilado, inversion de
fases y estiramiento) para su potencial uso en el sistema arriba indicado.

En primer lugar, se sintetizaron dispersiones acuosas de poliuretano (PUD) a base
de diol de policarbonato, acido 2,2-bis(hidroximetil)propiénico, 1,6-
diisocianotehexano y trietilamina, mediante la inversion de fase. Se obtuvieron
peliculas de PUD con diferentes contenidos de nanoparticulas de SiO2, notandose
gue la presencia de dichas nanoparticulas modificaron el comportamiento mecanico
de las membranas. Por ejemplo, la membrana con un 30 % en peso de silice coloidal
presento el valor mas alto de tenacidad y el segundo valor mas alto de tensién de
traccion. Asimismo, los estudios morfolégicos de la pelicula muestran que la
superficie es diferente entre las peliculas de PU puro y las peliculas que contienen
nanoparticulas de silice. El analisis FTIR indica una interaccion significativa entre el
polimero y el relleno. En cuanto a las propiedades térmicas (DSC, junto con DMTA),
no hay diferencias entre el polimero puro y los compuestos poliméricos (que
contienen el relleno). Ademas, las propiedades de transporte de gas revelaron
especificamente que la permeabilidad al vapor de agua aument6 en presencia de
silice.

Por otro lado, las membranas de TPU obtenidas por extrusién son permeables al
vapor de agua e impermeables al agua, ademas de elasticas y mecanicamente
resistentes. La modificacion de porosidad el material mediante la perforaciéon
aumento la permeabilidad al vapor de agua sin ir detrimento de las propiedades
mecanicas.

Por altimo, se obtuvieron peliculas de poliuretano termoplastico (TPU) mediante la
técnica de electrohilado con modificacion por solucion pirafia (PS). Dichas peliculas
de TPU se caracterizaron mediante angulo de contacto, porosidad, morfologia y
espesor con el fin de identificar la correlacion entre los parametros de sintesis y las
propiedades. Los resultados indican que tiene un angulo de contacto de 140°, una
porosidad de 80% y al ser modificado a 30% SP el angulo de contacto disminuye a
133° y su porosidad a 70%.

Palabras clave: Electrohilado, dispersion de poliuretano en agua, estirado
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Abstract

Synthesis, characterization and evaluation of membrane base on
polyurethane for Contact Direct Membrane Distillation.

Polyurethane (PU) is a low thermal conductivity material with an interesting
insulating and hydrophobic potential as membrane for water purification using a
direct contact membrane distillation system. It is worth to mention that even its
interesting potential, membranes based on PU, few works have been published on
this material for such application.

This work aims to study a polyurethane-based membrane obtained by different
fabrication methods (electrospinning, phase inversion and stretching) for their
potential in the above mentioned system.

First, waterborne polyurethane dispersions (PUD) based on polycarbonate diol, 2,2-
bis(hydroxymethyl)propionic acid, 1,6-diisocyanotehexane and triethylamine, were
synthetized by phase inversion method. Membranes with different SiO:2
nanoparticles content were fabricated, and such nanoparticules modified the
mechanical behavior of the membranes. For instance, the membrane with 30 wt %
colloidal silica had the highest value of toughness and second highest value of
tensile stress. In addition, the morphology studies of film show that the surface is
different between the pure PU films and the films containing silica nanopatrticles. The
FTIR analysis indicates significant interaction between polymer and filler. Regarding
thermal properties (DSC and DMTA), there is not differences between the pure
polymer and the polymeric composites (containing the filler). In addition, gas
transport properties revealed that the water vapor permeability increased in
presence of silica.

In addition, TPU membrane obtained by extrusion are water vapor permeable but
waterproof, besides elastic and mechanically strength. The modification by drilling
increased the mechanical properties as well as the permeation of water vapor.

Finally, the Thermoplastic polyurethane (TPU) films were obtained by
electrospinning technique with different thickness. TPU based polyether, N,N-
Dimethylformamide (DMF), tetrahydrofuran (THF) were used to obtain polymer
solution at 18% wt and relation of solvent 70/30 respectively. TPU films have been
characterized by tensile test, contact angle, porosity, morphology and thickness in
order to identify correlation between synthesis parameter with properties.

Key words: Electrospinning, polyurethane water dispersion, stretching
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Chapter 1. Introduction

1.1 Motivation

The development and well-being of societies depends fundamentally on the right
management and supply of water, as it is indispensable not only for human
consumption, but also for industry and agriculture. Population growth and its
requirements are constantly increasing; but it is not proportional to the freshwater
available in natural occurrence. Thus, in 2020, more than 2 billion people lived
without safe water management services in the world, i.e. 34% of the total
population[1] . For this reason, the relationship between the supply of water with
storage, reuse and sanitation infrastructure and the challenges and opportunities
associated with water technologies have been considered globally.

Several technologies have been explored to reverse this situation. For instance,
Jones, 2019 reports that 15,906 plants are in operation with a desalination capacity
of 34.81 billion m3/year, which represents 81% of the total number of plants built and
93% of their total capacity. It is worth mentioning that most of the used technologies
are reverse osmosis (69%) and multi-stage flash distillation (18%). However, new
technologies such as direct osmosis, membrane distillation and hybrid systems are
being developed.

Desalination is a common practice, however, the choice of technology depends on
economic and environmental reasons, as well as on the volumes to be treated and
the final water quality required. This is why desalination represents an increasingly
important alternative for future water management plans, as it is obtained from a
climate-independent with consistently high quality [2]

Membrane distillation is a hybrid system of a membrane system and pure distillation.
It relies on the pressure difference, as the driving force, through the membrane. The
membrane is usually hydrophobic and microporous. The generated vapor in the feed
solution passes through the membrane and passes to the other side as a
condensate[3]. The feed solution is at medium temperatures ( around 90 °C) with
high salt concentrations ( >70,000 ppm) and the condensate stream will depend on
the configuration of the system, among them are DCMD (Direct Contact Membrane
Distillation, where the water stream temperature is lower than temperature in the
feed), VMD (vacuum stream), AGMD (air gap) and SGM (sweep gas).

Membrane distillation has a pilot scale scope; however, it has several advantages in
terms of energy consumption, membrane potential and water quality, which have
been the motivation for several researchers to contribute in both theoretical and
experimental studies to use this technology on a large scale.

1Interna|



1.2 Outline of thesis
1.2.1 Challenges and objectives

Membrane distillation (MD) has been considered a potential alternative for
conventional methodologies for water desalination, as a complementary thermal-
membrane hybrid technology with minimal pre-treatment and reduced fouling.
Suitable for use with renewable energy for wastewater systems][4].

Thus, a comprehensive minireview of MD technology and membrane needs recently
being worked on it is provided.

The Polymer Laboratory, IPICYT has dabbled in membrane development since 2016
in water as well as energy purification systems[5-7].Recent activities have focused
on the modification of polymers for application as a membrane. This is why this work
aims adds knowledge to the commercial challenge of MD that has not yet been
achieved, contributing to membranes science advancement. Furthermore, it is a
contribution in the design of the direct contact module, which presents great
opportunity areas, then continuous improvements can still be achieved.

The choice of the obtaining method of membranes and the selection of the materials
considering the physicochemical, thermal, morphological and mechanical
characteristics is essential to achieve a good and consistent performance in the
DCMD module.

Also, in reported publications, some results focused on direct laboratory scale use
and some others on pilot scale, in both cases the fundamental research has been
linked to experimental and modelling. However, the selection of membrane materials
has not yet been fully defined.

The scope of this thesis is to contribute to bridging the gap between fundamental
membrane research and applied experimental application in a laboratory level
module.

The objective is to develop polyurethane based materials to obtain a membrane by
different methodologies (extrusion, electrospinning, evaporation) for establishing the
structure-properties-performance correlation, giving the basic understanding of the
phenomena involved in the transport of water vapor through the membrane to
evaluate the potential application of membranes for direct contact distillation
desalination (DCMD).

The control of porosity and hydrophobicity through the different membrane
production techniques will contribute to the performance of the membrane by
increasing vapor permeability and decreasing pore wetting. The nature of the
polyurethane will decrease the interfacial thermal conductivity and heat loss in both
streams, which is very important for this application.
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The development of future materials requires a great deal of effort for their
fabrication, considering methodologies that minimize the cost and the complexity of
prototyping. The material must be characterized by specific properties and evaluated
in terms of its performance in a DCDM module.

The quantitative information obtained from the evaluation and characterization of the
material should be transferable and reliable at larger scale. Considering the
individual project conditions provides a comparison and feasibility with respect to the
limitations of the system itself.

1.2.2 Thesis structure and scientific approach

The thesis was divided into seven chapters:

Chapter 1 presents the motivation, challenges and objectives that were raised
throughout the project.

Chapter 2 contains a comprehensive literature review of the advances and
considerations that have been raised for the improvement of membrane
distillation technology, focusing mainly on the development of membrane
materials.

Chapter 3 presents the development of water-dispersed polyurethanes with
the incorporation of inorganic materials, the experimental methodology from
their synthesis to their characterization, and obtaining a membrane by phase
inversion.

Chapter 4 describes the technique of obtaining films by extrusion, as well as
the post-processing modification to obtain the membranes. The processing
conditions, methodology, and the characterization are also presented and
discussed.

Chapter 5 provides the conditions and methodology for the fabrication of
membranes by electrospinning, which underwent piranha solution
modification and subsequent particle impregnation by the sol-gel technique.

Chapter 6 explores the performance of the membranes in a DCMD module
under specific conditions and compares the performance for each membrane.

Chapter 7 provides the conclusions and future work for this project.

Chapter 2. Membrane distillation: The state of the art
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The largest quantity of water available in natural reserve is seawater, with its main
characteristic being its high salinity, i.e. the total amount of dissolved salts in a given
volume. The salinity range from 35000 to 45000 ppm, varying according to local
conditions, as it affects the environment and topographical conditions. For example,
seas that are in areas of high temperatures or that receive a high rate of saline water
drainage have a high degree of salinity. Another example is that enclosed seas have
higher salinity than open seas or oceans.

The main ions that make up seawater include Na-, Ca **, K*, Mg**, (SOa4) and CI,
and other ions but in lower concentration, as it can be seen in Figure 1. The
composition of open sea is constant, however, the amount of total dissolved solids
may change according to local conditions.

Sr++ [
H3803-
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(co3)-- O

k+ @

Cat++ @
Mg++ =
(soa)-- ==
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Figure 1.Typical composition of seawater with a total salinity of 36,000 ppm[8].

As can be seen in Figure 1, chlorine and sodium are the ions that are found in greater
quantities. According to NOM-127-SSA1-1994 the acceptable value of NaCl for
human consumption is from 200 to 250 mg/L. This implies that high salt content limits
its use for human consumption then its reduction is the main interest in the
development of desalination processes.

Despite being an ancient technique, the first large desalination plants were installed
in the Middle East in the 1930s with thermal processes. It was not until 1959 when
Reis and Breton first demonstrated the possibility of desalination using cellulose-
based polymeric membranes, four years later Loeb and Sourirajan showed that
asymmetric cellulose acetate membranes could desalinate seawater [9]

2.1 Desalination processes
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Currently, desalination is carried out by two main systems, thermal and membrane
systems, the choice of one of them depends on the type of water, quantity of water
and amount of energy required. The Table 1 shows the desalination process
classification.

Table 1. Classification of desalination processes [10]
Energy Process System
Thermal Evaporation Solar Distillation
Multi-stage  flash
(MSF)
Flash Distillation
(MF)
Thermal vapor
compression
(TVC)
Cool Crystallization Hydrate formation
Freezing
Mechanical Evaporation Mechanical Vapor
Filtration Compression
(MVC)
Reverse Osmosis
(RO)

In the case of thermal processes, it is based on evaporation, i.e. applying heat the
water is evaporated, then condenses producing water without salts, although water
with concentrated brine is also produced.

In the case of membrane processes, they are based on the mechanical separation
of salts, i.e. a stream with a concentrated flow and a stream without salts is obtained.
The patrticle size retained will depend on the pore size of the membrane. In the case
of a dense membrane, it will depend on the selectivity of the membrane.

In a comparison of thermal and membrane processes, the former has a high energy
demand due to the change of state required by the water, which has a high heat
capacity. As a result, it has been displaced by the membrane process, which is more
efficient in the recovery of product water and has a low energy demand.

2.1 Membrane Technology

Here, the membrane is the heart of the process, as it acts as a barrier that separates
two phases from each other, generating a restriction in the movement of components
through it with a selective character [11]. Itis classified like asymmetric or symmetric,
synthetic nature in solid or liquid, porous and non-porous structure. In addition, it can
be negatively, positively, bipolar charged or neutral. The Figure 2 shows the
classification.
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Figure 2. Schematic diagrams of the types of membranes[12].

In the case of isotropic membranes, their composition and structure is uniform, and
they can be microporous or dense. Anisotropic membranes are not uniform, they are
formed by different layers with different structure and composition, commonly the
last layer is selective and supported by another layer that is permeable. It is important
to mention that applications depend on the characteristics of the membranes.

However, not only the composition of the membrane plays an important role in the
membrane process. For instance, the driving force determines the transport of the
feed components into the permeate. Therefore, the classification of the process
according to the driving force is presented in Table 2:

Table 2. Classification of membrane processes according to their driving forces [13]

Pressure Concentration Temperature | Electrical
difference difference difference Potential
difference
Microfiltration Gas Separation Membrane Electrodialysis
Ultrafiltration Pervaporation distillation Electro-
Nanofiltration Carrier mediated transport | Thermo- 0smosis
Reverse Osmosis | Dialysis 0SMosis Membrane
Piezodialysis Diffusion dialysis electrolysis

In addition to the energy savings of membrane technology, other advantages include
compactness, light weight and high productivity. This is why reverse osmosis has
become the most common and commercially viable technology [14]. Despite the
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technical and economic advantages, the new environmental regulations represent a
challenge to improve these systems, as they have imposed requirements and
restricted brine discharges. Thus, technologies such as electrodialysis [15] and
membrane distillation [16] have been introduced. The latter still has momentum to
reach an industrial scale.

2.2 Membrane distillation

Membrane distillation is a process that involves the transfer of vapor across a porous
membrane, with a high temperature stream on one side and a lower temperature
stream on the other side. The permeate is obtained from condensation near the
membrane, due to the difference in vapor pressures, which act as a driving force[17].
Regarding the wetting of membrane, it is completely wetted by capillary effect. The
selectivity of this process is determined by the involved liquid-vapor equilibrium, as
the membrane only participates as a barrier between the two phases. The Figure 3
describes the basic concept of membrane distillation.

feed membrane permeate
side side
To
Te
X=0 X= E

Figure 3. Temperature profile across a homogenous membrane. To is feed stream temperature, T¢
is permeate temperature, xo and xl is membrane thickness at feed and permeate side, respectively
[13].

In the desalination process, fossil fuels are the most usual option as a source of
energy. However, alternative energies have increased their presence in the
integration of the processes, in particular solar, geothermal and waste heat from
other processes.

On the other hand, the membrane distillation process has four possible
configurations on the permeate side [18].

1. Direct Contact Membrane Distillation (DCMD)

In this configuration both streams are aqueous solutions, the permeate side is of
lower temperature than the feed stream. The flow is tangential to the membrane
surface, in this case the transmembrane temperature difference induces the vapor
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pressure transfer. That is, the vapor from the hot stream passes through the
membrane pores and condenses in the cold liquid stream, which is usually pure
water.

2. Vacuum membrane distillation (VMD)

Vacuum is applied to the permeate side by a pump with a pressure lower than the
saturation pressure of volatile molecules and the condensate is collected outside the
module.

3. Air Gap Membrane Distillation (AGMD)

In this configuration an air gap is located between the membrane and the cold
stream. The volatile molecules are condensed until they touch the surface of the cold
liquid.

4. Sweep gas membrane distillation (SGMD)
In this configuration a cold inert gas (sweep gas) entrains the permeate through the
membrane and condenses it outside the module.

The Figure 4 shows the representation of the modules described above.

Membrane Membrane

Cooling water in Out Cooling water in

Air’
gap.

Vapor

Pemeate H Cooling water out
out Feed in Product
water

(@ (b)

Feed in

Membrane Membrane

Sweep gas

Condenser Condenser

Permeate Pemeate

Feed in Feed in
) (CH]

Figure 4. Configurations of membrane distillation. (&) DCMD. (b) AGMD. (c) SGMD. (d) VMDI[19].

2.3 Transport mechanism

2.3.2 Mass transfer
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The heat and mass transfer mechanisms are complex as both have the same
direction, due to the vapor pressure gradient between the feed and permeate stream
[20]. Mass transport takes place in stages:

e First the volatile molecules are transported from the bulk feed solution to the
membrane surface.

e Then these gas-phase molecules diffuse through the membrane.

e Finally, the gas-phase molecules pass from the membrane surface on the
permeate side to the permeate stream [21].

So far, mass transfer has been described by three possible independent
mechanisms, Knudsen diffusion, viscous flow or Poiseuille and molecular diffusion:

1. Knudsen diffusion model (Rk): It considers that the density of the gas is very
low or the size of the pore is very small, so they disregard the collision
between them, what is considered are the collisions between molecules and
pore walls [22] as it is described in Equation 1[23]:

1/2
-1 _ &r MW) .
Ry = s (—RTm Equation 1

Where porosity (€), mean pore size (r), tortuosity (t), molecular weight of water vapor
(M;) and membrane thickness (8) are related.

2. Molecular diffusion model (Rwm): It is considered that the pore size is relatively
large, and the mass transfer is given by the collision between molecules and
the different species of the mixture move among themselves by the influence
of concentration gradients, the Equation 2 describes it:

= £ (2 ) -
Ry = = (PaMRTm Equation 2

Where long-mean air pressure at both side of the membrane (P,,,), are related. Also,
binary diffusion coefficient (D) is calculated by the next expression:

1.75
D =1.19x107* (T';—> Equation 3

3. Viscous flow or Poiseuille model (Rp): It is considered when the pore size is
bigger than the free path of the molecules transported, is calculated by the
next equation:

2
-1 _ & (M) -
Ry N Equation 4
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Where B,, is the mean water vapor pressure inside the membrane, it is the result of
the next equation:

__ PfmtPpm

5 Equation 5

Pm

Where p;,, is the partial vapor pressure of feed solution and p, ,, partial vapor
pressure of permeate solution based on the Roult’s law:

Prm = (1 = X£)Py,m Equation 6

Where x; is the molar fraction in liquid phase of feed solution and p,, ,, is partial
vapor pressure of water based on Antonie’s equation as next:

3816.44

Pwm = €xp (23.1964 — 213

) Equation 7

Once the variables used to obtain the mass transfer coefficient (B) have been
defined, the following equation is used:

B = (Ry + Ry)™" + R, Equation 8

Finally, the parameter that defines the mass transfer is the permeate flux (J) through
the membrane correlated with the mass transfer coefficient and the pressure.

] = B(pgm — Pp,m) Equation 9

2.3.3 Energy transfer

At the same time to the mass transport, heat transport occurs in the system DCMD.
The mechanism of heat transfer through the membrane considers in three steps [24]
[25]:

1. Convective heat transfer from the bulk feed solution to the boundary layer to the
membrane surface:

Q = hs(Tf — Ty) Equation 10

Where h¢ is the heat transfer coefficient in feed boundary layer, Tyis the temperature
of bulk feed stream and T;is the temperature at feed membrane surface.

2. Conduction heat transfer the vapor flow through the membrane pores:
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Q=J1+ ]%m(Tl — T,) Equation 11

Where ] is the permeate flux, 4 is the heat of vaporization, T, is the temperature at
permeate membrane surface, k,, is the thermal conductivity of the membrane. The
k,, can be calculated with the next equation [26]:

km = €kg + (1 — &)k, Equation 12

Where k, is the thermal conductivity of the gas phase and kg is the thermal
conductivity of solid phase, in this case of polymer.

3. Convective heat transfer from the membrane surface to the bulk permeate
solution:
Q = hy(T; — T},) Equation 13

Where h, is the heat transfer coefficient in permeate boundary layer, T, is the
temperature at permeate membrane surface.

When carrying out the energy balance, a stationary state is considered, so the
surface temperatures of the membrane (T;and T,) can be estimated by the following
equations:

1

hp ,
T, =Ty — (T — Tp)l—L+L Equation 14
(hethy) Thy hyp

1

h .
TZ = Tp + (Tf — Tp)ﬁ Equation 15
(hethy) " hy ' hyp

Where h. is the condition coefficient and h, is the vapor heat transfer coefficient,
both define as the next equations:

A . .
h, =— h, = / — Equation 16 and Equation 17

T -T;

Also, h, and hs coefficients are correlated with empirical dimensionless Nusselt
number, Reynolds and Prandtl number.

2.3.1 Polarization

MD is a thermal separation process, then the effect of polarization is present both in

temperature and concentration. Temperature polarization refers to the loss of driving
force caused by thermal gradients in the membrane bounding fluids [27].
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The causes of temperature polarization are due to the difference in temperature
between the layer adjacent to the membrane which is different from the temperature
of the feed and permeate stream. Its value will depend on the conditions of heat
exchange in the module [28].

On the other hand, concentration polarization is related to membrane fouling or
scaling and influences the performance of the system. That is, a rapid accumulation
of solute particle concentration is generated near the membrane surface, while the
permeate flux decreases [29].

2.4 Membrane for MD

Initially, the commercially available microporous MF membranes were based on
polymeric materials such as PP, PVDF and PTFE, being in tubular, capillary or flat
sheet configurations [30]. Such conventional membranes are hydrophobic and they
still present areas of opportunity due to the trade-off between water vapor flux and
conductivity decrease.

2.4.1 Membrane characteristics for MD

Table 3 summarizes some typical characteristics of the membranes used for the MD
process.

Table 3. Essential characteristics of MD membranes[31].

Characteristics Preferable value
Pore size <0.3 Mm
Hydrophobicity >90 °

Thickness <200Mm
Porosity >50%

Liquid entry >1 bar

pressure

Surface Energy of Low

the material and

pore

There are two characteristics of the membrane which are closely related to intrinsic
properties of the material or modification of the material, these are hydrophobicity
and thermal conductivity.

Hydrophobicity is the ability of a surface to repel water, thus preventing wetting
towards the membrane pores. Therefore, the contact angle should be greater than
90° and the pore size in the range of 0.05-1 mm for maximum water flux. It is also
important to consider the relationship with porosity and mechanical properties [32].
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Thermal conductivity in a polymer depends on crystallinity, crystal shape and
temperature difference. This conductivity should be as low as possible, otherwise it
increases heat transfer through the membrane. Thermal conductivity values of some
polymers used for membranes, as well as for water vapor and air, are mentioned in
the Table 4.

Table 4. Thermal conductivity of different materials[33], [34]

Material Thermal conductivity
(W/mK)
Water vapor 0.03
Air 0.022
PDVF 0.21
PTFE 0.29
PP 0.2
PU 0.18

The pore size is usually less than 0.3 microns because there is a direct relationship
between permeate flux and pore size. That is, a small pore size prevents liquid from
entering, on the contrary, a high pore size is required for a high permeate flux [35].
On the other hand, depending on the pore size the mechanism of further transfer is
considered, as the pore size is not uniform the pore size distribution is considered
and it is possible that several mechanisms occur simultaneously.

The liquid enter pressure (LEP) corresponds to the pressure applied in the inlet and
the liquid passes through the hydrophobic membrane [36]. It is desired that the inlet
liquid does not enter the membrane pores. This characteristic depends on the
maximum pore size and hydrophobicity of the membrane and is directly related to
the inlet concentration. In the case of organic solvents LEP is reduced.

The thickness has an inversely proportional relationship with the permeate flux, i.e.
the thicker the membrane, the lower the permeate flux, due to increased thermal
resistance and heat loss [37]. Optimal thicknesses to avoid this effect are less than
200 mm.

Porosity is defined as the pore volume divided by the membrane volume, which
represents the void volume fraction [38]. In a MD system it varies from 30 to 85%.
Tortuosity represents the deviation of the pore structure from the shape of a cylinder.
This characteristic is related to the permeate flow rate, which decreases as the
tortuosity increases.

These characteristics depend on the method by which the membrane is obtained,
which are explained below.

2.5 Membrane fabrication techniques in MD

2.5.1 Stretching
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This method consists of four consecutive stages. The first one is to generate a film
through a melt extrusion, secondly the film is annealed at high temperatures to
improve the crystalline structure, thirdly stretching usually at room temperature to
separate the films and create pores before stretching at elevated temperature to
enlarge the pores. Finally, the heat setting stage which prevents shrinkage and
maintains dimensional stability[39][40].

2.5.2 Phase inversion

This process is a thermodynamically controlled transformation of a polymer solution
into a solid membrane that may or may not be porous. A common step in the
methodology implies that the polymer solution is poured into a mold or support, but
the solidification process can be by various techniques:

¢ Non-solvent induction (NIPS); it is very commonly used to obtain asymmetric
membranes. Initially the polymer solution is poured to shape the membrane
to a certain thickness, then it is put in contact with a non-solvent, which is not
miscible with the solution[41].

e Thermalinduction (TIPS); the polymer solution may have a solvent or mixture
of solvents, it is cooled to allow phase separation [42].

e Evaporative induction (EIPS), the polymer is precipitated by evaporation of
the solvent, this can be at room temperature or in an inert atmosphere [43]

e Vapor induction (VIPS), in which the polymer precipitation is by evaporation
of the solvent in a vapor environment of a non-solvent [44]

3.5.3 Electrospinning

The technique of electrospinning applied to the membrane distillation process has
become increasingly common due to the easiness and robustness of the technique,
and fibers, from nanometers to microns in diameter, can be obtained. The principle
of this technique is based on the potential difference generated by an electric field
between a molten polymer or polymer solution and a grounded metal collector. The
polymer material is charged until the surface tension is overcome from the supply to
the collector. In the case of the polymer solution, the fibers are formed as the solvent
evaporates and are usually collected as nonwoven fabric[45].

The main parameters affecting the average fiber diameter of the non-woven are the
properties of the solution (molecular weight, concentration, viscosity, conductivity),
environmental conditions (humidity, temperature) and processing conditions
(applied voltage, distance from collector to needle) [46].

2.6 Advances in MD
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The increase in the MD field research is reflected in the incremental number of MD
publications. This can be seen in the figure below, which is generated by the Scopus
database.
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Figure 5. Documents published by year on DM.

The Figure 5 shows that publications have fluctuated along the time. However, in the
last 20 years there has been a significant increment in the number of studies on the
subject. Specific studies been carried out on the system, such as the modification of
membranes for better performance or module configurations. Also, comprehensive
studies focused on the thermal and energy efficiency of the system, in some cases
even economic studies, have been done. In addition, scaling up studies at pilot
plants or heat integration with renewable energy systems have been aborded.

2.7 Potential fields of application

Due to the broad characteristics of MD, this technology has a variety of applications.
MD has been used in water treatment for the removal of representative pollutants
such as ibuprofen, boron and arsenic [47], removal of inorganic components such
as calcium, magnesium, iron and aluminum from the mining industry [48], removal
of uncoagulated latex, proteins or carbohydrates and inorganic salts in rubber
industry wastes [49].

The use of MD for desalination has attracted increased attention in the desalination
field, because the rejection of high salt loaded streams with a high recovery as high
as 98.8 % is possible, opposed to RO of 30-50% [50]. This technology is promising
to meet zero liquid discharge (ZLD), which is considered one of the main
environmental problems in desalination [51].
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Chapter 3. Development of water polyurethane (PUD)
membrane using the phase inversion process

3.1 Background
3.1.1 Water dispersion polyurethane (PUD)

Water dispersion polyurethane (PUD), is a solvent-free colloidal system, where
polyurethane particles are dispersed in water. The main backbone contains urethane
groups (-NHCOO-), which is formed by a polyaddition reaction between a hydroxyl
(-OH) and an isocyanate (-NCO). The basic chemical components of polyurethanes
that are known from solvent-borne polyurethanes are essentially polyols,
diisocyanates, catalysts and additives [52].
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Isocyanates are compounds that can be cyclic, aliphatic or aromatic, the most
common of which are 2,4-TDI (Toluene diisocyanate), NDI (Naphthalene
diisocyanate), HDI (Hexamethylene diisocyanate), 4,4'-MDI (Methylene diphenyl
diisocyanate), IPDI (Isophorone diisocyanate), H12MDI (cycloaliphatic
diisocyanate). The isocyanate group (R-N=C=0) has an accumulated double bond
sequence, the reactivity of this group is governed by the carbon atom due to its
electrophilic character, with the ability to accept a pair of free electrons and be
attacked by groups provided with labile hydrogens [53].

On the other hand, polyols are hydroxyl terminated compounds that may contain in
their structure most common ether and ester groups, while some special ones are
acrylic base, carbonate, amide and other functional groups. Polyols tend to make up
the largest proportion of the components and provide flexibility and softness[54]. It
is common for polyols to be used as mixtures of molecules with different molecular
weights, although similar in nature, but with different numbers of -OH groups. [55].

Additionally, for the urethane formation reaction, catalysts have organic, inorganic
and organometallic nature. The most commonly used organic-based catalysts are
especially tertiary amines. The reactivity of this compound can be affected by
basicity and steric hindrance. In addition, catalytic selectivity is affected by the ability
to form hydrogen bridges as well as the spatial separation between the active sites.
In the case of organometallics are dibutyltin oxide (DBTO), butyltin trichloride,
stannic chloride and dibutyltin dilaurate (DBTDL)[56,57].

In the case of PUDs, as it is a system in which the particles are dispersed in an
agueous medium, hydrophilic groups are required to make it compatible with water,
since polyurethane is incompatible with it. That is why ionic molecules called internal
emulsifiers, which are hydrophilic monomers that contain ionic functionality,
including carboxylate, quaternary ammonium or sulfonate groups are used [58].

Regarding the individual components, the properties are different. In general,
polyurethane is constituted by two segments, a soft segment (SS) and a hard
segment (HS), the first is constitutive by polydiol, and the second is composed by
isocyanate and chain extender [59-61]
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Figure 6. Scheme of segment conformations and hydrogen bonding interactions of polyurethanes or
polyurethanes urea (when diamine is used) and the resulting ordered and disordered microdomains
[62].

There is a thermodynamic incompatibility between the hard segment (HS) and soft
segment (SS) which can cause a microphase separation, for consequence can affect
physical properties. HS can have a significant effect on mechanical properties,
thermal stability, and solvent resistance for materials, while the presence of SS
provide flexibility and elasticity to PU[63].

3.1.2 Polycarbonate (diol component)

Depending on the purpose of the application and its functionality, the type of polyol
is chosen. In the case of polycarbonate-based polyols, they have been characterized
by generating greater resistance to hydrolysis to polyurethanes, improving
resistance to aging, improving behavior at low temperatures, and increasing
resistance to fungal growth[64]. Due to its chemical nature, that is to say its polarity
and the strong bond of the carbonate unit, they confer an improvement to the
mechanical properties of PUD. It is the major characteristic compared to other ether
and ester-based polyols.[65].In such a way that the presence of a carbonate group
can improve the miscibility between soft segments and soft segments [66].

The polycarbonates used as polyols for the soft segment in the synthesis of
polyurethane are generally obtained by transesterification of five-membered cyclic
carbonate or by polycondensation of diols with phosgene [67]

Varying the dispersion stage using polycarbonate diol base, that is, the way of
adding the water, influences the molecular weight of the polyurethane in dispersion
and the formation of the film of this polymer affects the tensile stress[68].
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3.1.3 Nanocomposites polyurethane

In recent studies, the use of fillers in PUD has been carried out. Depending on the
type of filler, particle size, state and degree of dispersion, materials for different
applications can be obtained[69].

In the case of the type of filler, two have been investigated, organic and inorganic.
Some of the examples of inorganic species are TiOz, SiO2, Ag, ZnO and CaCOs at
nanometric scale. Meanwhile, examples of organic species are cellulose and
graphene. It is considered that the best is to have the largest surface area and, in
practice, to avoid the particle agglomeration and exfoliation of lamellar structures
[70,71].

Silver nanoparticles have been incorporated into the polyurethane matrix to increase
antibacterial properties, but it has been difficult to achieve a homogeneous
dispersion, since they are easily agglomerated giving incompatibility between the
organic and inorganic phases [72].

In previous studies of polycarbonate-based polyurethane with 1% organoclay, it was
found that the interaction between it and the hard segments by hydrogen bonds and,
an adequate dispersion of the nanoparticles does not promote the phase
separation.[73] This effect was also found using organically modified bentonite and
montmorillonite at 1% by weight [74].

Silica has been used for polymeric compounds due to its large surface area and
stability, for reducing shrinkage during curing, improving adhesion, reducing
coefficients of thermal expansion, and increasing corrosion resistance. Furthermore,
by adding silica in layers of the polymer matrix, it is enhanced the formation of
hydrogen bonds between the hard segments and the filler, which in turn improves
the mechanical and thermal properties of the polyurethane nanocomposite [73].

It has been found that polyurethane using polyether-based diol with silica
nanoparticles increases its mechanical properties[71]. Polycarbonate-based
compounds using colloidal silica showed that at 5% by weight they increased their
resistance to water, increasing the percentage of load improved their thermal
stability, however at 32% by weight it is the maximum found to improve mechanical
properties, after that percentage decreases[75].

Nevertheless, it is not enough previous articles of the effect of nanoparticle

morphology on mechanical and thermal properties are still ongoing, so this work
seeks to contribute to the interactions between these properties.

3.2 Materials and methods

3.2.1 Materials
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Polycarbonate-based macrodiol T5652 was provided by Asahi Kasei Co. Japan. 1,6-
hexamethylene diisocyanate (HDI), 2,2/Bis(hydroxymethyl) propionic acid (DMPA),
trimethylamine (TEA) were received from Sigma-Aldrich. Dried acetone was
provided by Merck, Germany. The catalyst, dibutyltin dilaurate (DBTDL) was
dissolved at 10% by weight with mineral oil (Macrol). Ludox® AS 40, is the
monodisperse, ammonium counter ion colloidal silica 40% wt suspended in water.

3.2.2 Synthesis of PUD’s

Samples with different ratio macrodiol:diisocyanate (Y), containing different
structure, linear or branched, were prepared as follows. Polycarbonate macrodiol
T5652 was mixed with DMPA in dried acetone and they were mixed until dissolution,
then HDI (7.8265 mmol) and DBTDL (0.0209 g) were added, heated at 60 °C for 5
hours and mixed with magnetic bars. Then, TEA (1.5051 mmol) and more acetone
were added to maintain the viscosity, and it soaked for 12 hours. Then, water was
added drop by drop under continue stirring (700 rpm) at room temperature, because
is the re-arrangement for the large chains to microspheres, and wait for 3 hours to
efficiently mix. Finally, the acetone was removed using a rotavapor under vacuum at
60 °C. The reaction schema is presented in the Figure 7.
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Figure 7. Scheme of PUD reaction.

3.2.3 PUD’s Composites

The PUD was mixed with appropriate amount of nanosilica, in order to obtain
nanocomposite film containing 5 wt %, 10 wt %, 20 wt %, 30 wt %, 40 wt % of
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colloidal silica for 1.5 h by magnetic stirring, after 2 cycles of 15 minutes by ultrasonic
bath, then the solution soaked for 30 min. The Figure 8 show the scheme of PUD
composite.

° . *4
® - Colloidal Silica NNP
o (Si0,, 5-40 Wt%)

Organic solvent-free water
polyurethane dispersion (PUD)

: ;

e G rxll—é—o—
| h
COO(), (INHIR),

NH; O jOH O NH,

PUD composite with Si-NNP

Figure 8. Scheme of PUD composite.

3.2.4 Membrane preparation

All films were prepared by casting the PUD or PUD- filler into Teflon mold followed
by slow drying at room temperature for 4 days. After such time the rest of water was
removed at 50 °C for 20 h and finally dried at 50 °C with vacuum for 2 h (Figure 9).

Dried at 23 °C - Dried at 50°C - Dried at 50°C
(Vacuum)

)))
— g [—]

Close Deformation Coalescence Film
Contact (PUD or PUD- SiO,
or PUD-MNa)
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Figure 9. Scheme of film formation.

3.3 Membrane Characterization
3.3.1Tensile test

The stress-elongation tests of each sample were obtained using a universal machine
model 5800 (Instron) equipped with a 100 N load cell, according to ISO 527 (speed
of 200 mm/min at room temperature).

3.3.2 Fourier-transform Infrared Spectroscopy (FTIR)

The correlation of the content of microdiol for formation of polyurethane was
determined by infrared spectroscopy (Fourier transform, FTIR) using Perkin-Elmer
Paragon 1000PC FT-IR spectrometer with ATR (attenuated total reflection)
additament. All the spectra were measured at wavelength range 4400-450 cm2, with
a resolution of 4 cm™* and 64 scans per sample. Spectrum v2.00 software was used
for processing the spectra. In addition, Magic plot was used for deconvolution or the
spectra to obtained the degree of phase separation.

3.3.3 Solid state Nuclear magnetic resonance spectroscopy (ss-NMR)

Solid-state NMR spectra was measured at 11.7 T on a Bruker Avance Il HD 500
US/WB NMR spectrometer (Karlsruhe, Germany, 2013), and the following
techniques were applied: 'H static; H, *3C, and 2°Si magic angle spinning (MAS)
and cross-polarization (CP) MAS NMR experiments.

3.3.4 Differential Scanning Calorimetry (DSC)

Thermal behavior and changes on structure of the hard or soft segments were
studied by Differential Scanning Calorimetry using a PerkinEImer DSC-7 with
constant nitrogen flow. Around 10 mg of each sample was, 10 °C/min heating rate
from -90 °C up to 200 °C.

3.3.5 Atomic Force Microscopy (AFM)

Analysis of the topology of PUD films and dispersity of silica and montmorillonite
particles into PUD matrix and analysis of the nanocomposite structure were analyzed
by Atomic Force Microscopy model Dimension Icon, Bruker, equipped with the SSS-
NCL probe, Super Sharp SiliconTM-SP-Sensor (NanoSensor ™ Switerland; spring
constant 35 N/m, resonant frequency around 170 kHz). The measurements were
performed under ambient conditions using tapping mode AFM technique.

3.3.6 Scanning Electron Microscopy (SEM)
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The morphological analysis of the sample was carried out by Scanning Electron
Microscopy model Vega Plus TS 5135 from Tescan, Czech Republic. Before SEM
analysis the samples were recovered with 4 nm Pt layer using vacuum sputter coater
SC 050 by Balzers.

3.3.7 Transmission Electronic Microscopy (TEM)

The films were cut on as ultrathin sections by ultramicrotome with cryo attachment
(Ultracut UCT, Leica) at -110 °C. The sections were transferred to supporting Cu
grids and observed using a transmission electron microscope (JEM 200CX, Jeol) at
100kV. The TEM photographs were digitized with a digital camera (DXM1200,
Nikon). The contrast and brightness of the digitized TEM photographs were adjusted
using standard software.

3.3.8 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis was carried out on ARES LS2, Rheometrics
Scientific (now TA instruments) using oscillation frequency of 1 Hz, deformation
ranging from 0.01% (glassy state) to 3.5% (maximum deformation allowed), over a
temperature range of —100 to 180 C, at a heating rate of 3 °C/min. Dynamic torsion
measurements were performed using rectangular samples, to which a constant
tension force of 5 g was applied. The standard specimens dimensions were 25
mmx3mmx2 mm. Storage modulus (G’), loss modulus (G") and loss factor (tan 3, tan
6=G"/G’) were measured. In this work, the glass transition temperature was defined
as temperature of maximum value of tan 6 curve.

3.4 Results and Discussion

3.4.1 Water based polyurethane with different NCO:OH ratio

3.4.1.1 Synthesis, chemical structure and hydrogen bonding

The synthesis of polyurethanes was carried out by acetone process, without any
chain extender. However, as water reacts with excess of isocyanate during the
phase transition, it is possible to consider water as a special chain
extender/crosslinker. Figure 10 shows the steps involving the process to obtain the
waterborne polyurethane dispersion (PUD). The ratio leading to the different
formulations is [NCO]:[OH]tota, Where [OH]twota=[OH]pc+[OH]owmpa, in this case varied
from 1:05 to 1:50.
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Figure 10. Reaction scheme of waterborne polyurethane dispersion synthesis.

The chemical structure was identified by FT-IR spectroscopy, it was possible to
demonstrate the complete conversion of isocyanate groups and the formation in hard
segments into PU (Figure 11).
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Figure 11. FT-IR of PU with different isocyanate: diol ratio.

In Figure 11, it is possible to observe the vibrations corresponding to PU. The
absence of peak 2270 cm shows that all isocyanate reacted and it does not appear
any residual, also does not appear the peak at 3640 cm™ corresponding to free
amidic NH groups not engaged in H-bonds, the vibration at 3343 cm! of the amidic
NH engaged in the hydrogen bond is weak, indicating a low concentration of these
groups. Anti-symmetric and symmetric stretching of CHz corresponding to soft chain
segment are visible in peaks 2854 and 2930, respectively, also the peak 1471 cm™?
corresponding to symmetrical bending of CH2. The peak at 1530 cm™ corresponds
to couple symmetry bent vibration of N-H bond and stretch vibration of the amidic C-
N. The strong peak at 1243 cm* corresponds to anti-symmetrical O-C=0 in the soft
segment and the peaks 1050 and 958 cm corresponding to stretch vibration of C-
O-C in urethane group and symmetric stretch C-O-C in carbonate group. In addition,
it was analyzed the stretching region of carbonyl, between 1600 to 1800 cm™, that
was necessary to deconvoluted, because in this range of carbonyl group different
vibrations are overlapped. Table 5 shows the vibration of carbonyl group.

Table 5. Vibrations of carbonyl group.

Number v(cm?) Vibration
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The Figure 12 shows the spectra of FT-IR composites of PU with 5 wt % SiO2
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Figure 12. FT-IR of PU with 5% SiO2 different ratio of isocyanate.

The samples of PU with 5 wt % SiO2 show the specific peaks corresponding to
stretching vibration of Si-O at 1030 cm™ and the peak at 880 cm™ shows a slight
shift corresponding to Al-Al-OH. It is slight the change in the peaks when increase
of NCO excess, because they are overlap with the PU peaks. Finally, the degree of
phase separation ‘DPS’ (hard segment linking with hard segment) and the degree of
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phase mixing ‘DPM’ (degree of soft segment with hard segment), were calculated by
equation 4 and 5 and are reported in Table 6 [74].

DPS = —Sbonded  Equation 3
Cbonded+cfree
DMP =1 - DPS Equation 4

The carbonyl groups deconvolution allowed to found the peaks that are hided in the
curve, once that is obtain all the peaks in the Table 6 is possible to obtain the area
behind curve from 1600 to 1800 cm* with Gaussian-A.

Table 6. Degree of phase separation and degree of mixing in PU.

Sample code DPS DPM
5/Pure 0.39 0.61
5/SiO2 0.38 0.62
30/Pure 0.44 0.56
30/Si02 0.44 0.56
40/Pure 0.45 0.55
40/SiO2 0.39 0.61

As it can be seen from Table 6, the values of pure sample increased as the amount
of NCO groups increased, and also the filler concentration increase the degree of
phase mixing since the filler reduces the molecular degree freedom to rotate and the
rigid segment affected the hydrogen interactions.

3.4.1.2 Structural and segmental dynamics

For structural and segmental dynamics characterization '3C and 3C CP/MAS NMR
spectra was used. *C MAS NMR applying with the relatively short repetition delay
(2s) the measurement preferentially detects NMR signals of highly flexible polymer
segments and ¥C CP/MAS NMR to detect of rigid and semi-flexible components.
The 13C and 13C CP/MAS NMR of the prepared samples with the 5 % mol, 30 % mol
and 40 % mol NCO excess relative to the hydroxyl groups its present in the Figure
13.
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Figure 13. The 13C and 3C CP/MAS NMR spectra of the prepared samples with the excess NCO 5
mol %, 30 mol % and 40 mol %.

The results indicate small differences in sample 5 % mol (blue spectra) in
comparison with samples 30 %. mol and 40 % mol. Thus, confirmed that the
variations in macroscopic properties such as mechanical properties are not emerge
at the molecular or segmental levels.

3.4.1.3 Thermal and mechanical stability

The mechanical properties were evaluated by universal machine to analyze the
effect of fillers into the PU matrix. Figure 14 shows the curves for PU pure, and
samples with different NCO:diol ratios.
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Figure 14. Tensile properties of PU pure films with different fillers and variety ratio of isocyanate.
(The number 5, 10, 20, 30, 40 and 50 means molar isocyanate excess percentage).

It is possible to observe that the lowest ratio with 5% NCO excess has the lowest
tensile stress because the structure is linear unlike the others. In case of the 30%
NCO excess, the highest tensile strain was achieved, and 40% NCO excess leads
to the highest tensile stress of all samples tested. As a result of the increase
hydrogen bonding formation with urea and biurea, they started to generate
entanglements stronger than linear structure.

Meanwhile, Silica has different interaction with PU matrix, because it is possible to
observe that the value of the tensile strain decreases slightly in contrast with PU pure
(Figure 15) in all the different ratios.
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Figure 15. Tensile properties PU nanocomposite films with 0.5 wt % SiO2 at different ratio of
isocyanate. (The number 5, 10, 20, 30, 40 and 50 means molar isocyanate excess percentage).

Due to, it is possible that when incorporating the silica nanoparticles, the contraction
between the chains is generated and does not allow the free movement of these.

Concerning about thermal characteristics the Differential Scanning Calorimetry
(DSC) was used to obtain the thermal transitions for the lineal structure PU (5 wt%
of isocyanate excess), 30 and 40 mol % excess of isocyanate groups that they have
the highest elongation and tensile stress respectively. The DSC thermogram in the
Figure 16 shows the transitions of all the PUs without any filler.
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Figure 16. DSC thermogram of PU pure with different ratio of isocyanate.

It is possible to observe the Tg transition associated to soft segment, around - 43 °C,
in the temperature interval evaluated. The slight difference of Tg values for the
samples is not significative.
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Figure 17. DSC thermogram of PU- 5% SiO2 with different ratio of isocyanate.
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The difference between the composite and pure PU is around 2°C and it is clear that
it is not significant. From Figures 16 and 17 follows that Tg of pure PU and
nanocomposites are practically not modified by the insertion of fillers.

3.4.1.4 Structure of PU and arrangement of filler in nanocomposites

The PU's are formed by soft and hard segments but they are not detectable by TEM
analysis (Figure 18). On the other hand, the supramolecular arrangement of chain
into organized formations (spherulites) were detected. The diameter of spherulites
is about 1 um in all three types of PUs, i.e. without or with nanofillers. In comparison
with the literature, the spherulites size are smaller, since it is reported to be around
2.5 to 5 um, but it depends on the content of the hard segment [76].

100.0 nm

~
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SEM MAG: 9.97 kx  View fleld: 20.8 pm
M Det: In-Beam SE 5 pm
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Figure 18. Micrographs by a)SEM, b)AFM, c) and d)TEM of films made from PUD prepared with
40 mol % NCO excess.
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The surface morphology was evaluated by SEM and AFM, which successfully have
made match, i.e., the results of both were congruent, it means, the fibril-structure of
the surface was detected by both microscopy techniques.
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Figure 19. Micrographs by a)SEM, c¢) and d)TEM and b)AFM correspond to films made from PUD
prepared with 40 mol % NCO excess with 5% SiO2.

On the other hand, colloidal silica has properly interaction with PU, resulting is well
distributed, due to sphere structure, because the surface charge it is distribute
around the all geometry and repulsion for another same particle. However, it is
possible to find some particle agglomeration, due to the viscosity of the polymeric
solution, to see Figure 19.

3.4.2 Composites with 40% molar ratio NCO:OH with different percentage of
SiO2
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The addition of SiO:z as filler for reinforcing PU was done after synthesis in these
experiments. These hybrid materials has been attractive because the increase of
mechanical properties as a consequence of the capability of silica particles to form
hydrogen bonding with the PU matrix. The effect of the addition of filler on the
properties of the film compounds is mentioned in the following analysis.

3.4.2.1 Effect of different content of SiO2 on Transparency

The final film thickness was controlled by adjusting the volume of the dispersion used
per unit area of the of the Teflon mold. Transparency resulted depending on the
particular composition. The optical micrographs of the sample of 40 mol % excess
of NCO with different content of SiO2 (5, 10, 20, 30, 40 and 50 wt%) are shown in
Figure 20.

. isophorone; diisocyan

.

Figure 20. Optical transparency A) PU-pure, B)PU-5 wt % SiO2, C)PU-10 wt % SiO2, D)PU-20
wt % SiO2, E)PU-30 wt % SiO2, F)PU-40 wt % SiO2.

As it is well known, the transparency is effect of the polymer chains arrange;
amorphous is transparent in contrast the crystalline arrangement is opaque. In this
case the composite films do not exhibit a significant change with increasing SiO2
content. It is possible that the addition of the filler is not enough to make the change
evident in the regular structure.

In addition, chemical characterization, thermal and mechanical properties will be
analyzed to demonstrate possible interactions between the filler and the PU matrix.
As a result, it was possible to select some of them to be evaluated in detail by
morphology.
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3.4.2.2 Effect of different content of SiO2 on Chemical Structure

In order to analyze the structure of the nanocomposite films, Fourier transform
infrared spectroscopy was performed. Figure 21 shows the FTIR spectra for all the
samples, indicating the main functional groups for the polyurethane.
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Figure 21. Spectrum FTIR related wavenumber with transmittance of all the PUD with SiO2
content.

As comparison it is important to mention the characteristic peaks for polyurethane.
The peaks at 2854 and 2930 cm correspond to anti-symmetric and symmetric
stretching of CHz into soft chain segment, also the peak 1471 cm corresponds to
symmetrical bending of CH2. The peak at 1530 cm! corresponds to couple symmetry
bent vibration of N-H bond and stretch vibration of the amidic bond C-N. The strong
peak at 1243 cm! corresponds to anti-symmetrical O-C=0 in the soft segment and
the peaks at 1050 and 958 cm™ correspond to stretch vibration of C-O-C in urethane
group and symmetric stretch C-O-C in carbonate group, respectively.

The absence of unreacted isocyanate peaks (2270 cmt), demonstrates that it is not
present even like residual, due to all isocyanates are reacted during PUD synthesis.
Also, the free amidic group peak at 3640 cm* does not appear because all amidic
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groups area engaged in hydrogen bonds, instead to the existence of bonded N-H at
3343 cmL. The formation of this bonds have an impact the hard-hard segment.

Transmittance (%)

Wavenumber (cm™)

Figure 22. Spectrum FTIR related wavenumber with transmittance in 1500 to 600 cm-! range of all
the PUD with SiO2 content.

On another hand, the characteristic peak of SiO2 at 3452 cm corresponds to OH
groups, which is not visible in the spectrum. Nevertheless, in Figure 22 the other
peak for Si-O-Si appears at 810 cm™ and 1118 cm in the first peak looks like
shoulder when increase the percentage and the second appeared as widening in
this peak.

Finally, it is important to mention that the possible interactions of PU matrix with SiO2
particles is with the urethane and urea segment, that correspond to hard segment,
due to the physical interaction appeared in peak urea C=0 and N-H of urethane.

3.4.2.3 Effect of different content of SiO2 on mechanical and dynamic
properties

The tensile properties (Young’'s modulus, tensile strength, elongation at break, and
energy to break) were determined by universal machine and the effect of SiO2
content of the nanocomposites is shown in Figure 23.
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Figure 23. Tensile properties of PU films as a function of SiO2 content.

As it was mention previously, the incorporation of nanopatrticles of SiO2 do not allow
the movement between chains, and as result the film shows a more rigid behavior
and the aligning of the molecules was slowly giving higher tensile strength, when
increase the percentage of the filler.

As consequences of increasing the Young’s modulus the elongation at break
decreased, because both properties have, usually, an inversed response.

Finally, the plastic deformation and dissipation of absorbed energy without break
(toughness) shows that the pure PU film until PU-30 %SiO: film have almost the
same toughness, it is possible that the dispersion of hanopatrticles is enough to allow
the absorption of stress without break. But at higher SiO2 content (40 and 50 % wit)
the toughness was reduced since the polyurethane matrix became stiff enough,
probably due to agglomeration of filler nanopatrticles.
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Moreover, as a complement the storage modulus and glass transition temperature
were obtained by dynamic mechanical thermal analysis to evaluated viscoelastic
properties of PU-SiOz2 films (Figure 24).
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Figure 24. Storage modulus and loss factor tan & as function of temperature.

The ratio of the loss modulus with storage modulus is represented as tan 3, which
related with temperature show the glass transition temperature (Tg).

In this case it is observed that Tg did not suffer changes, since the interaction of SiO2
is not strong enough with the amorphous portion of PUD. The second delta 6 peak,
associated with the flow zone, was slightly shifted toward higher temperatures as the
SiO2 content increased, probably due to blocking of PU chains mobility, which would
imply more energy for movement due to the silica interacts more with the rigid portion
of PU.

Additionally, the storage modulus with temperature show to transition, the first is the
movement of the polymer chains of the soft segment and the second it is possible
the disruption of hydrogen bonding between urethane groups in the PU sample and
with low SiO2 content, is registered in the temperature region above 110 °C, showing
a good compatibility of hard segment and silica.

Also, it is observed that the absence of a chain extender caused all nanocomposite
films to not display a clear plateau region for the elastic modulus, probably due to a
short rigid portion into the polyurethane. In addition that region increased as the silica
content increased generated an impact that the interaction between nanoparticles
and the rigid segment.
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3.4.2.4 Effect of different content of SiO2 on Structure of PU and dispersion of
filler

SEM on top and transversal area was performed to analyze the surface
characterization of the nanocomposite films. The Figure 25 shows the top of all the
samples to compare the effect of the SiO2 on the morphology.
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Figure 25. Surface area of the sample A) PU-pure, B) PU-5 wt % SiO2, C) PU-10 wt % SiOz, D)
PU-20 wt % SiO2, E) PU-30 wt % SiO2, F) PU-40 wt % SiO-.

The slow evaporation of water generated the flat and regular film with fine
imperfections. Nevertheless, the films without filler present fibril-like structures, in
contrast to films when increase the content of SiO2 shows the "mountainous"
irregular relief, with few scratches and cracks.
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Figure 26.Transversal area of the sample B)PU-5 wt % SiO2, C)PU-10 wt % SiOz, D)PU-20 wt %
SiO2, E)PU-30 wt % SiO2, F)PU-40 wt % SiO2.

The pure PU sample shows a homogeneous surface of the fractured area, while the
sample with 5 wt % SiO2 shows individual particles with spherical shape, and their
size was determined to be about 450nm, for the irregular agglomerates in the
composite structure. In the case that silica content increased more than 20 wt % the
interface becomes more heterogeneous and rougher than without filler, the effect is
probably caused by the limited space to packing of the polymer chains forming PU
films.

Additionally, the microstructural analysis for qualitative examination of the dispersion
SiO2 particles in the nanocomposite films was evaluated by TEM (see Figure 27).

Figure 27. Transversal area of the sample A) PU-pure, B) PU-5 wt % SiO2, C) PU-20 wt % SiO>.

In the Figure 27 regular structure crystalline spherules, about 3 um, were visible in
the sample without SiO2. It means, that during slow water evaporation and drying
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the hard segment were self-assembled into organized structures to generate
spherulites. In case of the sample with 5% SiO2 few agglomerations are visible, while
in the sample with 20% SiO2 the agglomerations were more distributed in the
nanocomposite film. The spherulites are not visible in the composite films, it is
possible that the agglomeration of SiO2 particles limited the space to polymer chains
arrangement in the regular structure.

3.4.2.5 Effect of different content of SiO2 on Gas transport properties

The influences of SiO2 nanoparticles content in the films nanocomposites were
determined. Thus, the figure 28 shows permeability (barrer), solubility (mol/m3 Pa)
and diffusion coefficients (m?/s) as function of SiO2 content (%).
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Figure 28. Permeability, solubility and diffusion coefficient with SiO2 content.

Permeability and solubility of water vapor are higher for more than one magnitude
order than those for other gases. The gas transportation properties depend on the
constitution of PC chain, in this case the PU base macrodiol T5652 is irregular, but
when the SiO2 nanoparticles were incorporated the structure is more regular and the
permeability and selectivity of the other gases are lower that without filler. In contrast,
with water vapor the influence of filler incorporation increases in both properties.
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Furthermore, it is clear that H2 has the higher coefficient diffusion and water vapor
has the lowest, that means that the molecular size affects the diffusion through the
polymer film.
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Figure 29. Selectivity, solubility selectivity and diffusion selectivity with SiO2 content.

Finally, the effect of SiO2 content on the selectivity of the membrane depend of the
pairs of gases. In case of CO2/N2 the CO: is the gas with heights selectivity, in case
of the diffusion selectivity the H2/CHa4 the PU pure film is the heights value. Also, the
solubility selectivity CO2/Hz2 the CO2 has not significant change with 10 % wt SiO2
but when increases the content of the filler the value of the solubility selectivity
decreases.

3.5 Conclusions

FTIR and NMR analysis show that it is not a significant interaction at molecular level
between polymer and filler, do to the interaction by hydrogen bonds with hard
segment are not enough strong to be detected. However, by DMTA it is evident the
effect on the elastic behavior when increase the amount of SiO2, due to the hard
segment interactions with the filler.

Finally, the gas transport properties revealed that water vapor permeability increased
in presence of silica because of more open structure and COz2 is more selectivity.
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Chapter 4. Development of membrane based on
thermoplastic polyurethane using the stretching process

4.2Background
4.1.1Thermoplastic Polyurethane (TPU)

Thermoplastic polyurethane (TPU) is an alternating block copolymer consisting of a
soft segment (SS) and a rigid segment (HS) [77]. This material can be process by
extrusion, injection, coextrusion, such as commonly used with thermoplastics,
however, it in turn exhibits properties of a vulcanized polymer. TPU include high
toughness and abrasion resistance, high strength, as well as high elasticity and
extensibility. These characteristics are due to strong physical attractions such as
Van der Waals forces, hydrogen bridges, and chain entanglement [78,79]. The
synthesis method to obtain these materials can be by "one-shot" or "two-shot"
process. The one-shot method consists of mixing all the reagents in the established
stoichiometric proportions, then pouring them into a mold in which the reticulation
reaction is carried out, so that the polymer is shaped like the mold. In the two-step
method, first the reaction of the diisocyanate with the oligomer is carried out to obtain
the prepolymer and then the prepolymer is reacted with a short organic diol called a
chain extender [80].

The properties, morphologies and final structure depend on various physical,
chemical and structural factors, listed below:

a) The method, procedure and reaction conditions in the synthesis.

b) The chemical structure, structural symmetry, hydrogen bonding, average chain
length, as well as length distribution in the rigid segment.

c) Molecular weight and chemical structure in the soft segments.

d) The extent of hydrogen bonding interactions between the hard segments and
interactions between HS and SS.

e) Composition with respect to the fraction of hard and soft segment in the polymer.
f) Thermal history and processing methods of the polymer.

g) The presence of chemical cross-linking.

As it can be seen, there are several factors that condition the final characteristics of
a thermoplastic polyurethane. Due to its nature, as it is composed of segments, there
is an inherent immiscibility between those segments and they tend to segregate from
each other, forming microphases[81] .

4.1.2 Method for obtaining micropores

Conventional techniques for the generation of micropores in dense films is by laser
drilling. ArF, KrF and ultrafast lasers have been used as an efficient tool for precise
microstructure in polymeric materials. This technique has been used with PLA for
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the formation of cell tissue membranes[82]. In addition, it has been used for a 100
mm thin film of TPU in electronic components for textiles [83] .

Other technologies include the use of microneedle array. This method has been
considered for skin treatment to generate cellular reconstruction by penetrating and
generating small temporary openings and reactivation in the epidermis [84].
However, other areas, like microelectronic, have also used it as a technique for
allowing the silicon to be precisely molded into complex microstructures.

This is why this study presents the study of this method to obtain microporous
membranes for possible water purification applications.

4.2 Materials and methods
4.2.1 Materials

Polyether-based thermoplastic polyurethane (TPU, Irogran® A80 P5039) was
provided by Hutsman, Mexico. Deionized water was obtained after purification using
a Milli-Q system (18.2 mQ cm) (Millipore Co., USA).

4.2.2 Extrusion process

The extrusion process was used to obtain the dense membrane, named like (EXx).
Previous to its extrusion, the TPU was dried at 60 °C for 2 h using a PR305140G
Standard, Thermo Scientific oven. The temperature profile of the single screw
extruder (Beutelspacher model E1930) was set to the desired extrusion temperature
profile (3 heating zones) and allowed to stabilize for 15 min (Table 7) and the barrel
was purged before feed the TPU pellets. The extrusion was carried out with a
constant pitch roller velocity of 70 rpm, using the roller system (Beutelspacher roller
system Model CAL 200) (Figure 29).

Table 7. Parameters for extrusion of samples.

Extruder Chill Roll System ‘
Feed (°C) @ Spindle (°C) Exit A (°C) Exit B (°C) Rev (rpm) Rev. R Rev. N
(rpm) (rpm)
165 170 171 170 70 55 72
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Figure 30. Extrusion equipment for film formation.
3.2.3 Drilling process

The drilling process was used to obtain the porous membranes after extrusion, it
was named as DS. It was carried out using a roller system DRS50 model with 540
titanium needles (length 0.20 mm, diameter 20um), which was passed in both
directions, transversal and axial, on both sides of the film. Afterward, the film was
stretched during 1h into a convection oven at 100 °C, then keep it stretched during
1h at room temperature (Figure 30). As complement, samples at every step, it means
stretching at room temperature (SRT), stretching at 100 °C (SHT), and drilling at
room temperature (DRT), were obtained and evaluated.

9 Crystalline Segment

N -
Sh
Amorphous Segment )

y
¥ Stretching oven@100 °C

Drilling

540 Titanium Needles
(1=0.20mm, d=20 pm )
Roller: 15 mm x 20 mm
Both sides

k/ Stretching @Tamb

Figure 31. Representation of the drilling and stretching processes.
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4.3 Membrane characterization
4.3.1 Tensile Test

Tensile properties of the films were measured using an Instron model 3366 (Instron
®) according to test method ASTM D-412 at room temperature with a cross-head
speed of 500 mm/min and a 50 kN load cell. The reported values are the averages
of at least five measurements.

4.3.2 Contact Angle

The contact angle of the membrane surface was measured at room temperature by
a goniometer (Biolin Scientific, Theta Lite) equipped with the image analysis software
One Attention. For this, deionized water drops of about 2.5 uL were placed on the
membrane surface using a thin syringe.

4.3.3 Porosity

Porosity was evaluated by thermogravimetric method, the membranes were
submerged for 24h in isopropanol (IPA), the excess was removed and registered its
weight immediately. The porosity (¢) was calculated using Equation 6 [85] :

Wo-Wq

€ (%) = edpy 100 Equation 5

In this equation W2 and Wi correspond to wet and dry weight membrane,
respectively; A is area, d is thickness and p2 is the IPA density.

4.3.4 Differential Scanning Calorimetry (DSC)

Concerning thermal properties, the DSC analysis was performed using the TA
instrument (Q2000) equipment, carrying out two heating-cooling cycles using a ramp
of 10 ° C/ min from -89 to 200 ° C. The first cycle is to eliminate the thermal history.

4.3.5 Scanning Electronic Microscopy (SEM)

The surface morphology and thickness of the membranes were evaluated by
scanning electron microscopy (SEM, QUANTA 200, ESEM FEI Co.). Before
evaluation, SEM samples were gold coated for 25 s, at 40 mA under vacuum, and
placed on a pin support. Cross-section samples were prepared by immersion in
liquid nitrogen for 20 s followed by their immediate fracture.
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4.3.6 Atomic Force Microscopy (AFM)

The TPU’s topology analysis was carried out by Atomic Force Microscopy (AFM)
using a microscope NaioAFM (Nanosurf) equipped with a Silicon tip with a force
constant 48 N/m and resonant frequency of 190 kHz. The measurements were
performed by dynamic force tapping mode at room temperature.

4.3.7 Water vapor permeability

Water vapor permeability (WVP) of the film was characterized according to the
ASTM 96/E96M-16. The PU film was used to seal the open side of a beaker
containing distilled water. The diameter of the beaker was 60 mm, and the vertical
distance between the water surface and the PU film was fixed to 4 mm with 20 g of
water. Then, the film-sealed-beaker was placed inside an oven set at different
constant temperatures (50, 60, 70 and 80 °C) until the testing finished. The WVP
was calculated using Equation 7 [86].

WVP(kg-m™-d™) ="""L.24 Equation 6

Where Wi and Wt indicate the initial weight and the final weight of the PU film at the
end of the analysis, A represents the permeate area of the film, and t indicates the
analysis time.

4.4 Results and discussion

4.4.1 Membrane structure on steps of drilling process

Membrane surface area changed depend on the conditions was treated. Figure 32
shows the surface and cross-section for the obtained samples in each treatment
step.
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Figure 32. Images of top surface and cross section for dense membrane. a) Ex, b) SRT, ¢) SHT, d)
DRT and e€) DS membrane.

The membrane obtained by extrusion shows a smoothy and regular surface, which
means that the shock temperature once the polymer get off the extruder suffered an
expansion due to a pressure difference, and due to the fast heat interchange the
chain polymer contracted and the structure get dense. To determine the effect of
drilling and stretching processes, the morphology was evaluated. Thus, for the
stretched membrane at room temperature (SRT), the surface area was aligned and
when it comeback it looks like roughness surface.

In the case of the stretched sample at 100 °C (SHT) it seems that polymeric chains
were re-aligned and a smooth surface is observed (Fig.32-C). On the other hand,
when the membrane was drilled at room temperature without stretching, the
membrane has some pots, it seems like the strength of the needle when get it inside
it cannot create a hole and the polymer has the capacity to dissipate the energy
applied to avoid a hole across both sides.

Although, the membrane drilled and stretched at 100 °C showed in the micrography
(Fig. 32- e) cross both sides. The crystalline segment, which is the rigid part of
polymer chain, could be resistant to the deformation.

On the other hand, Topology is a consequence of the organization of the structural
polymer chain [87]. Thus, by AFM it would be possible to elucidate about the
polymeric chain arrangement. Figure 33 shows the AFM micrographs for all the
membranes.
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Figure 33. Topology of top 3D Z-Axis-Scan a) Ex, b) SRT, ¢) SHT, d) DRT and e) DS membrane.

From the AFM images shown in Figure 33, it is clear that the surface topology of the
polyurethane obtained by extrusion is rough with peaks and depressions clearly
defined and randomly distributed, which changed after drilling giving a more
homogenous surface. This can be a consequence of the drilling process where the
film is subject to certain pressure on it.

Besides, in Figure 33, when the dense membrane is exposed to external constant
stress by stretching, the structure domains also are according whit thermal effect
discussed earlier. Different topology is observed between b) SRT and c) SHT
membranes, having a macro-structure with less defined porous for the ¢) SHT due
to the higher temperature, which promotes the polymeric chain relaxation imparting
higher freedom to move and that is why a rough surface is obtained; meanwhile, the
macro-structure of the b) SRT sample show a flatter surface with better defined
porous, since at room temperature the recovery depends just on the inherent elastic
capacity of the material.
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Finally, roughness of €) DS membrane shows similarly than d) DRT, even though
the continuity of the sample can be according to fully re-oriented rigid-segment in the
polymer matrix.

4.4.2 Thermal and mechanical stability

The thermal transitions, determined by differential scanning calorimetry, are
summarized in Table 8, specifically the glass transition temperature (Tg), melting
temperature (Tm), melting enthalpy (AHmM), crystallization temperature (Tc) and
crystallization enthalpy (AHc).

Table 8. Thermal transitions of all samples, obtained by differential scanning calorimetry.

Sample Tg (°C) Tm (°C) AHm (J/g) Tc (°C) AHc (J/g)

Ex -42.57 145.24 6.724 60.87 5.648
SRT -37.79 148.07 7.162 61.28 7.316
DRT -44 47 128.78 5.304 61.48 8.429
SHT -39.27 124.98 4.176 61.35 6.349

DS -40.31 129.43 11.70 61.03 11.08

The typical thermal transitions of the thermoplastic polyurethane are glass transition
temperature (Tg) due to the amorphous (soft) segment of the polymer chain; while
the second thermal transition corresponds to the melting temperature (Tm) and the
third one to the crystallization point (Tc) associate both to the crystalline (rigid)
segment. These transitions have changed after drilling process and stretching, as it
is observed in Table 8, mainly the Tg and Tm.

In addition, SRT and SHT membranes had a different behavior since they were
subjected to different temperature during stretching. For the SHT membrane it is
probably that physical entanglements melt out during the stretching process and
some polymer chain relaxation effect takes place in combination with the applied
stress that reduced the spherulites formation of the rigid domains [88].

Furthermore, the effect of significant crystallization entalphy increment on DS
membrane is attributed to formation of spherulites in rigid segment. Due to, the
repacked of polymer chain forming larger lamellae.

Tensile tests have been carried out to determine mechanical parameters of each
obtained film. Figure 33 shows representative the values of tensile stress vs
elongation curves, elongation at break vs Tensile Strength, and Young’s Modulus
vs Toughness.
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Figure 34. Tensile Test of TPU films using different obtaining process.

In case of the stress-strain curve of the Ex, SHT, SRT sample shows higher tensile
strength (34 MPa), unlike the elongation at break, when SHT (800%) present 200%
more than Ex, this behavior is attributed to the re-arrangement of the polymeric
chains, improving the resistance to be pulled apart when stress was applied. The
results are quite similar to those reported in the literature, for example, an extruded
film with a thickness of 120 um had 25 MPa of tensile strength and 800% elongation
at break [89].

On the other hand, after the drilling process, the tensile strength value decreased
above 50% in comparison to the continuous dense sample, because it had
discontinuities generated on the surface area. Such interruptions of the film do not
allow the polymer chain rearrangement and even they promote the fracture
propagation along the surface.

4.4.3 Hydrophobic, Porosity and Water Vapor Permeability

The contact angle values for each sample are shown in Figure 35.
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Figure 35. Contact angle of PU films using different obtaining process.

From Figure 35 the sample Ex has a contact angle value quite similar to the other
samples that were exposed to physical deformation by stretching. In this case the
contact angle was around 90°, which is in the transition zone between a hydrophilic
and hydrophobic material. It is worth to mention that a hydrophobic behavior is
preferred for the membrane intended for the MD process. Therefore, the impact on
this property is not so beneficial for the DCMD process, since what is sought is to
reduce the affinity for water in contact with the membrane surface.

Regarding porosity, the DRT sample increased 10% its porosity than dense one,
and it is slightly higher than the others membranes. Porosity has a key role in the
water vapor permeation; thus, the DRT sample would have the highest amount of
water vapor transmission and, at the same time, its transmembrane pressure would
be lower compared with Ex sample.

The water vapor transmission (WVT) was evaluated at four different temperatures
during same time. In Figure 36, the WVT is shown as a function of temperature for
all the films samples.
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Figure 36. Water vapor permeability curves of PU films using different obtaining process.

In the literature, it is reported a film obtained by extrusion at 25°C and 20 pum
thickness to have a WVT of 2.54 kg/m2d [90] , another extrusion film with 25um
thickness evaluated a 25°C had 0.650 kg/m?d [91] and other film with around 25 pum
of thickness gave greater than about 5.5 kg/m?d [92].

In this case, the dense membrane after treatment has an effect of re-orientated of
soft segment and hard segment on the water vapor properties, because the diffusion
trough the free volume of polymer allows an easier mass transfer. The DRT
membrane increase 2 times the value of the water vapor transmission respect to the
dense membrane, which was related to the re-arrangement of hard-segment.

4.5 Conclusions

The performance of the membrane, especially the water vapor transmission,
depends strongly on the re-arrange of polymer chain after drilling process.

Mechanical, surface and thermal properties are related to morphology and topology,
i.e., the macro-structure of the membrane.

Then, porosity plays an important role in such properties, increasing the contact

angle while reduces the mechanical resistance and promotes the beginning of
thermal degradation at a lower temperature.
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Chapter 5. Electrospinning membrane based
thermoplastic polyurethane

5.1 Background

5.1.2 Self-supporting membrane

Several studies have obtained and reported self-supported membranes by
electrospinning technique for distillation membrane application. For instance, M.
Essalhi, 2014 used PVDF at an optimum concentration of 25%wt with a cohesive
node-free fibrous structure with 99.99% rejection and a flux of 10.8x10-® kg/m?2.s of
a 30 g/l NaCl solution. Meanwhile, Chunlei Su, 2019, developed PTFE-based hollow
fiber membranes, in which he studied the effect of the PTFE/PEO ratio on the
sintering process after obtaining the membranes.[93] The result was an increase in
mechanical properties, 30.5 MPa maximum tensile, 53 MPa Young's modulus and
315% deformation at break, together with a permeate flux of 27.5 I/hm? at a
concentration of 35 g/l NaCl. These studies have shown that the electrospinning
membranes exhibit acceptable conditions and not requiring a supporting membrane.

5.1.3 Surface modification to improve membrane

One of the main problems with membrane for MD technology is the pore wetting,
then surface modification to increase hydrophobicity is being widely studied. Yuan
Liao, 2014, reported a superhydrophobic membrane by PVDF-based
electrospinning, modified with silica nanoparticles. On the other hand, Madalosso,
H. B., 2022 incorporated silica nanoparticles in the PVDF-PDMS solution to obtain
the membrane by electrospraying increasing the hydrophobicity 167.13 + 22.29- with
a flux of 1.55 kg/m?h. On the other hand, Meng, S., 2014 conducted an investigation
of the influence of TiO2 and 1H,1H,2H,2H-perfluorododecyl-trichlorosilane (FTCS),
using the sol-gel method for nanoparticle deposition, using a commercial PVDF
membrane as a base, achieving 118° of hydrophobicity[94]. Later in 2013, Liao, Y,
increased the hydrophobicity of the PVDF-based membrane surface by
electrospinning technique, with the modification of silver nanoparticles and
dopamine after obtaining the membrane, achieving a contact angle of 158°+3, with
a porosity of 68% and a permeate flux of 31.8//m2h[95]. Su, C., 2017, on the other
hand in PVDF based membrane incorporated silica nanoparticles by spraying with
PDMS dissolved in toluene achieving a contact angle of 157 + 1° and a flux of 25.73
kg/m2h[96]. Performed fluorination using 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS) with the incorporation of SiO2 nanopatrticles,
considering PVA as the base. Further on Su, C., 2019, in a self-supported PVDF-
HFP membrane by electrospinning, Si nanoparticles were spread to then place
another layer of the same polymer and join by heat and pressure both layers and
remaining between them the Si nanoparticles, after this step was functionalized with
flouroalkalinsilane (17-FAS) to obtain the final material[97]. A permeate flow rate of
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around 39 L/m? h was obtained with a hydrophobicity of 157.19° and a porosity of
80.7 £ 1.2%. These are some of the investigations that have contributed to a surface
modification that has been shown to show good results, which gives us cause to
explore this alternative to improve the characteristics of the membrane. Thus, this
work pretends to contribute with the study of the surface modification correlate with
the membrane properties.

5.2 Experimental Methodology
5.2.1 Materials

Thermoplastic Polyurethane-based polyether (TPU-1) Irogran® A80 P5039 was
provided by Hutsman, Mexico. N,N,-Dimethylformamide (DMF), Tetrahydrofuran
(THF) and (3-Glycidyloxypropyl) trimethoxysilane (GLYMO) were received from
Sigma-Aldrich, sulfuric acid 98% (H2SOa4) provided by Macron, hydrogen peroxide
30% (H202) by Fermont, Methanol (CHsOH) provided by Fermont, hydrophobic
nanoparticles of silica functionalized with 1,1,1-trimethyl-N- (trimethylsilyl)
silanamine, mean size particle 14 nm (Aeroxide LE1®) provided by Degussa,
comercial desionized water (Servicios S.A. de C.V., México). All the chemicals were
used as received.

5.2.2 Polymer dissolution

The polymer solution was prepared by dissolving TPU-1 (18 % w/w) in a solvent
mixture of DMF/THF (70/30 w/w). Then, the TPU was added to the solvent mixture
and kept under constant agitation at room temperature for 24 h, until its dissolution.

5.2.3 Membrane preparation

Electrospinning allowed the formation of fibers through an electric potential
difference that was applied to the TPU-1 solution. The high voltage is applied to the
TPU solution in order to induce polarization. As a result of such polarization, a Taylor
cone was formed. When the charge exceeds the surface tension of the solution, a
droplet on the tip of the needle (jet) travels towards the region of low potential, in this
case the metallic rotary collector. Figure 37, shows the schematic diagram of the
electrospinning equipment.
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Figure 37. Scheme of electrospinning technique.

It consists of an adjustable DC power supply, which is able to generate a voltage in
the range of 0-30 kV. This power supply is connected to a tip of the metallic needle
(0.21 mm inner diameter) by two electrodes. The syringe, which contains the
polymer solution, is connected to a syringe pump. A positive voltage of 7 kV was
applied across a distance of 10 cm between the tip of the needle and the metallic
collector (15 x 30 cm). The rotary collector was covered with aluminum foil on which
the fibers were deposited. The collector velocity was maintained constant at 300
rpm. Once the membranes were obtained, they were dried for 24 h at room
temperature to remove residual solvent.

5.2.4 Surface modification
5.2.4.1 Modification of TPU with oxidant environment via Piranha solution (PS)

Piranha solution is very oxidant toward organic compounds due to the formation of
hydroxyl radicals upon mixing acid sulfuric and hydrogen peroxide in 1:3 ratio.
Although the inert character of TPU, the hydroxyl radicals interact with urethane
group to produce hydroxyl groups. Methanol was used to soaking membranes 15
minutes in 10 ml in ultrasonic bath before immersing with PS.
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Different dissolutions of PS were prepared (20%, 30%, 40%, 50%) by carefully
mixing of sulfuric acid with 30% hydrogen peroxide and deionized water. Membranes
with 30 mm x 30 mm were kept for 30 min in 50 ml of PS at 60 °C. Thereafter,
membranes were soaking in DI water for 5 min and washed with water to remove
any trace of PS. Finally, membranes were submerged with methanol 5 times and
dried at 70°C for 12 h to generate the functionalized TPU membranes[98].

5.2.4.1 Surface modification by sol-gel

The procedure of the reaction was modified from that reported by Fan, H., 2020, as
it is mentioned. First, the membrane was immersed in a solution of TEOS, water and
ethanol, sonicated for 1 min; then it was stirred for 30 min. Afterwards, the LE1
dissolved in ethanol was added. The pH is then reduced with ammonia added
dropwise over a period of 30 min. It is left under continuous stirring for 30 min at 60
°C. Finally, it is left to dry at room temperature. TEOS is an organosilane having
ending able methoxysilyl groups, which functions as a coupling agent to bond the
polymer to the hydrophobic silica.

5.3 Characterization techniques

5.3.1 Contact angle

The contact angle of the membrane surface was measured at room temperature by
a goniometer (Biolin Scientific, Theta Lite) equipped with the image analysis software
One Attention. For this, deionized water drops of about 2.5 uL were placed on the
membrane surface using a thin syringe.

5.3.2 Scanning Electronic Microscopy (SEM)

The morphology and thickness of the membranes were evaluated by scanning
electron microscopy (SEM, QUANTA 200, ESEM FEI Co.). Samples of the
membranes were gold coated for 25 s, at 40 mA under vacuum conditions, and
placed on a pin support.

5.3.3 Tensile test

Tensile properties of the films were measured using an Instron model 3366 (Instron)
according to test method ASTM D-412 at room temperature with a cross-head speed
of 508 mm/min and 50 kN cell load. Reported values were the averages of at least
five measurements. Presented tensile curves were taken from the measurements
closest to each calculated average value.
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5.3.4 Porosity

Porosity was performed by thermogravimetric method, the membranes were
submerged for 24h in isopropanol (IPA), the excess was removed and weighed
immediately. Accorded to Equation 8 were used to calculate the porosity (€) [99].

H"F: - 1'1."1
E (%) =—— 100
Axdx*py Equation 7

In this equation W2 and Wi correspond to wet and dry weigth membrane
respectively, A is area, d is thickness and p2zis IPA density.

5.3.5 Water vapor permeability

Water vapor permeability (WVP) of the film was characterized according to the
ASTM 96/E96M-16. The PU film was used to seal the open side of a beaker
containing distilled water. The diameter of the beaker is 60 mm, and the vertical
distance between the water surface and the PU film is fixed to 4 mm with 20 g of
water. Then the film-sealed-beaker was placed inside an oven set at different
constant temperatures (50, 60, 70 and 80 °C) until the testing finished. The WVP
was calculated using Equation 9 [86].

WVP(kg -m=2-d1) = % 24 Equation 8

Where Wi and Wt indicate the initial weight and the final weight of the PU film at the
end of the analysis, A represents the permeate area of the film, and t indicates the
analysis time.

5.4 Results

5.4.1 Effect of treatment with Piranha solution on the physicochemical
properties of the membrane

FTIR-ATR, goniometer and porosity techniques were used to evaluate the influence
of the piranha treatment in TPU-based membranes on the physicochemical
properties of the membrane. Based on the data obtained, the comparison between
the membrane without treatment and the membranes that were treated at different
concentrations of piranha solution at the same time is presented. Figure 38 shows
the FTIR spectra in transmittance.
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Figure 38. FTIR spectra after the interaction of the different concentrations of piranha
solution.

Table 9. Assignment of bands corresponding to FTIR signals.

A (cm-1) Assighment

3307 N-H Strain (urethane group)

2904, 2860 | C-H Antisymmetric stretching

1730 C=0 Strain

1531 N-H ending

1104 Antisymmetric C-O stretching of
ether C-O-C (nonbonded)

1076 Antisymmetric C-O stretching of
ether C-O-C (bonded)

According to the spectra and the signal assignments in Table 9 a change in
intensities is observed at 3300 cm-1, which refers to the stretching of the N-H bond,
especially for the case of the sample with 50% piranha solution, which would
corroborate the breaking of the chains forming hydroxyl groups in the generated
chains.

In addition, XRD analysis allow to identify the crystallinity of the material, which

exhibits a clear peak at 20 °associated to the rigid segment of the polymer (Figure
39).

59Interna|



9000 + —— TPU

8000 -

7000

6000

Intensity

5000 +
4000
3000

2000 +

1000 T T T T T T T T T T T T T

Figure 39. XRD diffractogram after the interaction of the different concentrations of piranha solution.

Figure 39 shows a reduction of the intensity of the peak because the crystallinity has
been reduced, and the bonds in the main chain have been broken by the piranha
solution.

On the other hand, the porosity and contact angle were evaluated in the different
concentrations of the piranha solution, results are shown in Figure 40.
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Figure 40. Graphs of a) contact angle and b) porosity with respect to the concentration of the
piranha solution.

In this Figure it can be seen that the contact angle decreases when polymer was in
contact with the piranha solution. However, as the concentration of the piranha
solution increased, the contact angle increased due to the protuberances that are
generated when the surface is eroded by the oxidizing medium. The decrease again
to 50% may be due to the caking that occurs in the fibers, which would reduce the
contact surface. In case of the porosity start to decrease around 20° when the
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concentration of piranha solution increase, is due to fiber collapse between each
other, as the consequence the free space was reduced.

5.4.2 Effect of treatment with Piranha solution on the morphology and
topology of the membrane

The analyzes carried out to analyze the surface morphology and topology of the
membranes were performed by SEM and AFM, respectively. The Figure 41 shows
the images obtained by both techniques once treated with piranha solution.
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Figure 41. SEM images of TPU base membrane, after immersion in 20% and 50% piranha solution,
respectively.

The Figure 41 above shows the fibers after the piranha treatment for the reference
membrane, the membrane treated at lowest concentration (20%) and the membrane
treated at highest concentration (50%). It is possible to observe that the exposure of
an oxidizing medium generates erosions on the membrane surface, which results in
protuberances that generate greater surface roughness, as reported in the literature
[98,100]. As the concentration of the piranha solution increases, the most prominent
protuberances increase and in a larger area of the surface, however, the fusion
between the fibers begins to appear, generating a caking, as an indication of the
beginning of the dissolution of the polymer, because at 60% it dissolved completely.

In addition to the morphology analysis the membranes were analyzed by Atomic
Force Microscopy. The corresponding images are presented in Figure 42.
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Figure 42. AFM images of the TPU-based membrane, after immersion in 20%, 30%, 40% and 50%
piranha solution, respectively.

The AFM images show an evident change in the surface of the membrane at the
nanometric level, an increase in the diameter of the fibers can be observed as well
as the “fragmentation” as the concentration increased. The chemical resistance of
TPU is consequently reduced due to a possible diffusion of the piranha solution
inside the polymeric matrix, generating swelling as a result of solvation of the
polymeric chains giving a thickening of the fiber.

A possible interaction mechanism between the piranha solution and the TPU is
proposed below, as shown in Figure 43.
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0 0

Figure 43. Proposed mechanism of the interaction of the piranha solution and the TPU.

The piranha solution is the combination of sulfuric acid and hydrogen peroxide that,
when mixed, generates an exothermic reaction. From this reaction, hydroxyl ions,
hydrogen sulfate, are generated, and they can react with the carbonyl group, a group
close to the amine of the urethane promoting a chain break. Thus, the chain has a
possible carboxyl termination and a hydroxyl end.
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On the other hand, the functionalization of the hydrophobic silica was carried out to
anchor it to the surface of the membrane, the results of said treatment will be
presented below.

5.4.3 Effect of treatment with Sol-gel on the morphology of the membrane

Sol-gel technique show the difference in the structure of the fiber as we can see in
the Figure 44.
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Figure 44. SEM images of TPU base membrane, after immersion in sol-gel with TEOS and SiO2,
superficial area and transversal, respectively.

In the micrographs you can see the variation of SiO2 microspheres that were
deposited scattered on the surface, its presence is more evident in a cross section.
Likewise, there is the presence of a rough texture changing the morphology of the
fiber, generating a coating. It is possible that as the surface was modified after the
piranha solution, the texture of the fiber facilitated anchoring, in addition to the
hydrophilic groups present on the surface with which TEOS will be more attuned.
These are the advances that were achieved by modifying the surface to improve the
permeability of the membrane, however further characterization is required.

5.5 Conclusions

The electrospinning membranes initially present a porosity of 80% due to the
extraction technique and the operating conditions of the system. However, when
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subjected to a piranha treatment, which modified the surface of the fibers, the
porosity decreased by 20% when subjected to 30% PS, that is, it was significantly
reduced. At high concentrations it damaged the material, that is to say 50% PS
reduced the crystallinity and hydrophobicity. However, at low concentrations it
modified the surface roughness of the fibers and allowed better anchoring of the
SiO2 nanopatrticles. As well as, the coating generated by the influence of TEOS when
reacting with a sol gel formed a layer of silicone material.
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Chapter 6. Performance of the membranes by Direct
Contact Membrane Distillation (DCMD)

6.1 DCMD module construction

It is describing the materials and elements used for the construction of Direct contact
membrane distillation module (DCMD) and the evaluation of the membrane get in
previous methods.

The Figure 45 shows the scheme of the Direct contact membrane distillation module
(DCMD) based on previous work on the collaborate group [101].
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Figure 45. Scheme of DCMD system

The system consists of two flows: the feed flow (red line) and the permeate flow,
both converging in the module cell with flat sheet configuration.

The feed stream contains a salt solution that is heated in a tank by a submerged
condenser, feed by a closed loop chiller with AT-=10 °C relative to the tank. The tank
is monitored for conductivity and temperature. The permeate circuit contains distilled
water, which is temperature controlled by a condenser, also regulated by a chiller
with AT=10 °C with respect to the tank. This tank has temperature and conductivity
indicators. The weight of the permeate is measured by an analytical balance.
Temperature indicators are located at the inlet and outlet of each flow.

6.1.1 Direct Contact Cell
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DCMD module was set up by refence of SEPA CF Il, Sterlitech®, as commercial
filtration cell, even though it was making some modification on active area based on
membrane dimension. Also, it is important to mentioned that was referenced by
previous group research work [101].

Cell module was constituted by mechanic Nylamid “M”, thermally resistant up to
93 °C, with thermal conductivity 0.29 W/(K.m), 0.3 % weight in 24 h absorption water,
1055 kg/m? compression resistance in 10% of deformation at 23°C. (MIDSA®
Distributor). This module is conformed for two pieces with 12.72 cm long, 10.15 cm
width and 2” thickness dimension (Figure 46).
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Figure 46. Direct Contact Membrane Distillation (DCMD) module.

The active membrane area was 2.27 cm and 2.44 cm, defined by two neoprene O-
rings which keep fixed the membrane, they were made by injection. Furthermore,
spacer based on “tulle” with rhomboid geometry were used in the free space
between neoprene O-ring and the membrane, in order to generate turbulent flow and
help water vapor pass through a membrane. (Figure 47)
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Figure 47. Neoprene O-ring, spacers and membrane on the cell module.

6.1.2 Auxiliar elements

Feed and permeate tanks they were built with a 3 mm thick acrylic tube, with a
capacity of 600 ml, the tube was sealed on one side with an acrylic plate, on the
other side there is an acrylic cap that is adjusted to the diameter of the tube and with
the suitable holes for measuring instruments. Acrylic was chosen for its visible light
transmission is 92%, thermal resistance up to 90 °C, resistant to water, alkalis, dilute
acids, simple esters, aliphatic hydrocarbons. (MIDSA® Distributor). The feed tank at
the bottom has a gate valve with 1/4” quick connections, despite the permeate tank
has the valve on the side, for better contact with the analytical balance.

Connections such as the butterfly valves and T-connector used were of a hominal
diameter of 1/4” PVC before inlet and outlet of the cell. Although, the stop valves of
the feed and permeate tank outlets are made of stainless steel.

The tubing used for the whole system was Puri-Flex Tubing Masterflex L / S 16, it
supports a maximum temperature of 135 °C and a minimum temperature of -50 °C.
The system was thermally insulated with an Armaflex® elastomeric foam with a
conductivity 0.25 BTU-in/h-ft>-°F thermal and 0.05 perm-in water vapor transmission.

The Peristaltic pump (Masterflex®) two channel head, HV-07554-90 propelled the
cross-flow of permeate and feed.

The Cooling and Heating Systems consisted of a 1/4 ” polypropylene pipe coil with
4 acrylic plates as a guide, all complete was submerged in each tank. In the case of
permeate, the Thermo Scientific Haake ARCTIC SC150 A25 Refrigerated Bath
Circulator, Neslab RTE7 & RTE10 Digital One Replacement was connected to the
recirculator. In the case of feeding, 45 Liter Advanced Digital Refrigerated Circulator
(-25 ° C /135 ° C) was connected to Polyscience.
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The Analytical Balance used was Ohaus Adventurer ™ Pro model AV 313, to
measure the mass of the permeate.

6.1.3 Instrumentation

The Portable Conductivity Meter (Extech EC150) were used to measure conductivity
and temperature in the feed and permeate tanks.

The acrylic flow meters (LZM-6T) were used to measure the flow rate the connection
between the pump and the cell module with range from 100 to 1000 mL / min.

Four Digital Cable Sensor Temperature -50 to 110 ° C LCD Control thermometers
were used to monitor the temperature at the inlet and outlet of each flow.

6.2 Experimental Methodology
6.2.1 Evaluation conditions

The operating conditions were established due to the limitations of the equipment
and measuring instruments. Before operating the equipment, the conductivity meter
was calibrated with standard solutions of 84 uS / cm, 1413 uS / cm and 12880 uS /
cm. The heating recirculation bath was used at a temperature of 90 ° C,
consequently to the heat losses the feed tank reached a maximum temperature of
77 ° C. The cooling recirculation bath was used at a temperature of 15 ° C and the
permeate tank reached about 17 ° C.

6.3 Results and Discussions
6.3.1 Evaluation conditions

The operating conditions were established due to the limitations of the measuring
equipment and instruments. The NaCl concentration was determined according to
the maximum conductivity value that the equipment detects, for which a calibration
curve from 0.001 to 0.2 M was performed on both instruments. In addition, at different
temperatures was evaluated (Figure 48).
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Figure 48. Conductivity calibration curve with respect to [NaCl].
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Due to this, it was corroborated that both devices had the same measurement
precision, on the other hand, it was considered that the maximum concentration to
work with is 0.2 M and as a mid-point it is also possible to work with 0.1 M.
Furthermore, it is proposed to calibrate before the tests with standard solutions of 84
pS/cm, 1413 uS/cm and 12880 uS/cm. The maximum stable temperature of the feed
tank was defined until the relevant adaptations were found, consisting in the use of
a recirculation bath connected to a coil immersed in the tank. The recirculation bath
was used with a temperature of 90 °C, due to heat losses through the plastic hoses,
consequently the feed tank reaches a maximum temperature and maintain it around
77 °C, demonstrating in preliminary tests that in thermometers placed near the
module it is around 60 °C. The minimum stable temperature in the permeate tank
was reached at 20°C, using a recirculation bath with a temperature at 15 °C.
Preliminary tests showed a value of 20°C at the inlet of the module.

6.3.2 Dye evaluation

The dye test was performed to identify if any permeation was occurring due to poor
sealing (Figure 49).

Figure 49. Photograph of the dye test.

The test did not detect any color change in the feed tank. However, a re-structuring
of the system was carried out to ensure the tightness of the seals and the membrane.
In addition, a tulle net was added to generate more transport through the feed tank.

6.3.3 Water deionized membrane evaluation
The TPU Ex (extrusion), TPU El (electrospinning), PUD (phase inversion)

membranes were tested with deionized water in both tanks for a period of 5 hours at
60°C feed temperature and 20°C permeate temperature (Figure 50).
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Figure 50. Photography of A) TPU Ex, B) TPU El and C) PUD

In this evaluation, a whitish coloration was identified in the samples obtained by
extrusion and evaporation from the PUDs. As a consequence of this behavior, a
gravimetric evaluation was performed by heating water to its evaporation point,
introducing the sample and then pouring in cold water. The sample showed a change
in color, similar to that of the photographs. It was then weighed and dried in the oven
at 90°C and weighed again, resulting in 7% water absorption. This shows that these
membranes do not have a porosity, so they have a good vapor permeation capacity,
however, when exposed to a stream of water with a lower temperature, it is possible
that the water vapor molecules condense inside the membrane, and cannot pass
completely to the opposite side. The effect of the perforation method in the case of
extrusion membranes will be evaluated below. In the case of PUDs, the incorporation
of SiO2 and the effect on water vapor transport will be evaluated.

In the case of the samples obtained by electrospinning, the porosity is so high that
the water passes through completely and it can be seen that there is no change in
color.

6.3.4 NaCl membrane evaluation

The evaluation of the membranes was carried out with a concentration of 1 g/l in

the feed solution. The membranes obtained by extrusion and phase inversion were
selected because their behavior in the system was more stable (Figure 51).

70Interna|



TPU-Ex PUD
986
984 .i_..ﬂ"""
982

980

veee tgett nns o7 g

] teveganle '

Weight (g)

e o . . 0 50 100 150 200 250 300 350 400
TIME (MIN) TIME(min)

Figure 51. Membrane evaluation by NaCl 1g/I solution.

Figure 51 shows the change in weight with respect to time for each of the
membranes. In the membrane that was obtained by extrusion, there is an increase
in weight of around 1%, with respect to the initial weight. This is due to the fact that
this membrane presents a good efficiency for the passage of steam and there is no
transfer of water. On the other hand, in the case of the phase inversion membrane,
it turns out to have a more significant tendency with a 10% increase with respect to
the initial weight, which may be due to the constitution of the material.

It is worth mentioning that despite being the two polyurethane membranes, they
come from a different nature, since the PUD's were generated from polycarbonates
and the TPUs are polyether based. This presents a difference in the possible
molecular interaction that they present with the water vapor when passing through
the membrane.
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Chapter 7. General Conclusions

7.1 Final Remarks

In chapter 3, the PUD-based membrane manufactured by evaporation showed
various effects when SiO2 was incorporated. In the FTIR analysis there is a
significant interaction between the polymer and the filler. DMTA and DSC results
show that there is no difference between the pure polymer and the polymer
composites (containing the filler) in terms of glass transition temperature because
the interaction between the silica and the amorphous part is not strong enough, but
by DMTA the interaction between the hard segment and the filler was detected. Gas
transport properties revealed that water vapor permeability increased in the
presence of silica due to a more open structure and CO2 is more selective.

In chapter 4, the TPU-based membrane obtained by stretching and modified by
drilling process, show that the performance of the membrane, especially the water
vapor transmission, depends strongly on the re-arrange of polymer chain after
drilling process. Mechanical, surface and thermal properties are related to
morphology and topology, i.e., the macro-structure of the membrane. Then, porosity
plays an important role in such properties, increasing the contact angle while
reduces the mechanical resistance and promotes the beginning of thermal
degradation at a lower temperature.

In the chapter 5, the TPU- based membrane fabricated by electrospinning initially
present a high porosity due to the characteristics of the polymeric solution and the
operating conditions of the system. However, when subjected to a piranha treatment,
which modified the surface of the fibers, the porosity of the material was also
affected, i.e. it was significantly reduced. At high concentrations, it damaged the
material and reduced its properties, but at low concentrations it modified the surface
roughness of the fibers and allowed a better anchorage of the SiO2 nanoparticles.
As well as, the coating generated by the influence of TEOS when reacting with a sol
gel formed a layer of siliconized material.

In the chapter 6, the preliminary tests for the evaluation of the membranes present
the PUD as a good option, since the nature of the composition of the material
presents characteristics that favor the transfer of water vapor. However, it is
necessary to work on the balance of matter and energy, work that was not completed
and that can expand this evaluation.
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7.3 Scientific Products
A) Publications with peer review process

1. Spirkova, M., Pavligevié, J., Aguilar Costumbre, Y., Hodan, J., Krejéikova, S., &
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2. Spirkova, M., Pavligevié, J., Aguilar Costumbre, Y., Hodan, J., Urbanova, M., &
KrejCikova, S. (2021). Mechanically strong waterborne poly (urethane-urea) films
and nanocomposite films. Journal of Applied Polymer Science, 138(11), 50011.
doi.org/10.1002/app.50011

3. Gajdosova, V., Spirkova, M., Aguilar Costumbre, Y., Krejéikova, S., Strachota, B.,
Slouf, M., & Strachota, A. (2023). Morphology, Micromechanical, and
Macromechanical Properties of Novel Waterborne Poly (urethane-urea)/Silica
Nanocomposites. Materials, 16(5), 1767. doi.org/10.3390/mal16051767

B) Book Chapters

1. Aguilar, Y. Lambert., J. Méndez, M. Escobar, V. “Preparation of Membranes
Based on Polysulfone (PSU) and Graphene Oxide (GrO) by Electrospinning” Online
ISBN 978-3-319-45315-6.
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