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Introduction

Even since the first appearance of unicellular organisms, water has played a crucial role
in the evolution of life on Earth and hence the humanity. A clear evidence of the importance of
water in the development of civilizations is the position of settlements next to natural waters.
Human society has always relied on access to water resources, which is essential to ensure
favorable conditions for a sustainable development.

One of the main issues that dominates the 212 century is the pollution of natural waters,
which pose a risk to the environment and to the population health.

Various water treatment technologies have emerged over the decades promising to
solve this increasing water crisis. Also, most industries have implemented wastewater reuse
systems to prevent their spillage into natural waters.

Among the most promising technologies for wastewater treatment and drinking water
production is membrane technology. Membrane processes offer more advantages compared to
conventional water treatment processes, such as: ensuring the permeate quality for a wide range
of uses, not requiring the use of chemicals, production of very little sludge, and in most cases
(depending on the industry) the retained substance is reused in the process. Also, the membrane
treatment plants occupy smaller areas, and the process is easy to control and maintain.

Nanocomposite membranes composed of a polymer matrix and an inorganic additive with
at least one dimension in the nanoscale range, have received particular attention over the last
decades. The role of nanomaterials in the polymer matrix is to improve the membrane properties.
Permeation, anti-fouling, retention, and mechanical resistance are among the properties of interest in
membrane technology. Due to intense research especially in nanotechnology, by discovering new
methods or materials, membrane technology is constantly developing.

In this context, the motivation to achieve this thesis in the field of mechanical engineering
can be explained by highlighting the main goals of understanding the parameters of interest and
filling the gaps in the existing research.

The thesis entitled The influence of nanoparticle type and size on the composite
polymeric membranes used in wastewater treatment aimed to obtain nanocomposite membranes
with better properties compared to pure membranes. The research in this thesis was divided into
3 independent studies on membrane optimization, namely: the influence of crystalline structure
of titanium dioxide nanoparticles; the influence of zinc oxide nanomaterial shape and the influence
of zinc oxide nanoparticle size. The review and experimental research sections are structured on
6 chapters, 112 figures and 23 tables.

In Chapter 1, called Membranes used in wastewater treatment, a detailed description of
the membrane technology currently in use is provided. This chapter presents membranes
classifications in terms of operation, materials, structure and membrane fabrication methods. the
most used membranes are porous polymeric materials obtained by the phase inversion method
and subsequently, the immersion precipitation technique. With the advent of nanotechnology, a
new type of membrane has been developed with superior properties to the previous ones, namely
the nanocomposite membranes.

In Chapter 2 entitled Nanocomposite membranes. State of the art, some of the current
research in the field are presented, especially with respect to the modified membranes by the
blending method of nanomaterials of different types, sizes and shapes in the polymeric matrix.
Following the bibliographic study on membrane optimization techniques, | have noticed that the
role of crystalline structure of nanoparticle was not debated in literature. Also, | did not find studies
that compare the influence of nanowires and nanopatrticles (with at least one equal dimension)
on the polymeric membranes. Regarding the role of zinc oxide nanoparticles size in the
membrane matrix, | consider that it has not been approached enough, especially from the
mechanical properties point of view. In addition, | highlighted the mechanical testing methods
used in the literature to determine the mechanical properties of nanocomposite membranes.

viii
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Although the membranes modified by incorporating nanomaterials are studied for nearly two
decades, there are still differences in the results obtained by the authors. The authors' common
opinion is that the influence of nanomaterials is positive up to a certain concentration.

In Chapter 3, entitled Materials, methods and experimental procedures, the materials of
interest in this thesis, membrane manufacturing methods as well as methods for investigating the
properties of membranes and their performances are presented.

In the structure of Chapter 4 entitled Morphological, topographic and structural
characterizations of the obtained nanocomposite membranes, the main characteristics of the
membranes resulted from the addition of different types of hanomaterials in the polymeric matrix
are analyzed. These studies focused on SEM-EDX surface and sectional analyzes, roughness
(by atomic force microscopy), hydrophilicity (through contact angle method), porosity properties
and chemical compositions of membranes and nanomaterials (through Raman spectroscopy).

In Chapter 5 entitled Experimental results on the influence of nanoparticles on
membrane performance, the experimental results of nanocomposite membranes are presented,
in terms of permeation and Congo Red dye tests, analysis of anti-fouling and mechanical
properties, such as elongation at break, tensile strength, and modulus of elasticity. Also, the
optimal membranes for each study (crystalline structure, shape and size of nanomaterials) were
determined in this chapter by calculating the performance indices obtained from all the tests.

Chapter 6 entitled General conclusions, own contributions and future research directions
the final conclusions of the thesis, personal contributions and the future research directions are
brought to attention.
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CHAPTER |

MEMBRANES USED IN WATEWATER TREATMENT

1.1. Membrane technologies. General notions

The notion of membrane filtration is known since the early XXth century [11]. A
membrane is a structure with the lengths greater that its thickness, through which transfer occurs
under a variety of driving forces [12], its role being to act as a selective barrier between two
phases, allowing a preferential passage of a substance or a component of a particular mixture
(Figure 1.1) [13].

[ |
O
 J
[ ) ]
. Driving
MEMBRANE force

Figure 1.1. Principle of membrane separation

Membrane separation processes have many advantages over conventional processes:
energy saving, superior selectivity, separation of thermo-sensitive compounds, simplicity in
operation, season-independent process, no phase changes (solid, liquid, gaseous) and the
addition of certain chemicals (coagulants and flocculants) is in most cases unnecessary [15].

Nowadays, the main concerns in optimizing membrane separation processes are to
avoid loss of performance due to membrane fouling as well as the costs of cleaning and replacing
these filters. However, the deposition of material on the surface and within the membrane
structure is not easily removed by increasing the pressure or backwash.

1.2. Mass transfer models through membranes

Depending on the size of the pores, the porous materials can be divided into three
categories, established by the International Union of Pure and Applied Chemistry (IUPAC), as
follows: - microporous materials: 0,2-2nm;

- mesoporous materials: 2-50nm;

- macroporous materials: 50-1000nm [22].

Depending on the type of permeate transport and the type of membrane, the membrane
manufacturing technology can cover all three categories.

1.3. Membranes classifications according to the driving force used

Processes membrane applications in water treatment may be grouped according to the
driving forces applied: (1) processes driven by pressure (Ap), (2) processes driven by
concentration (AC), (3) processes driven by electric potential (AE) and finally (4) processes driven
by partial pressure and vapor pressure (AT) [28, 29].

1.3.4. Membrane processes based on pressure gradient
Separation with baromembranes has seen a substantial increase in discoveries and
advances over the past decades. Many materials and membrane processes have been
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developed and proven high performance for separation applications in academia and in industry
since the late 1970s.

Size of the Examples of
Pressure Membrane retained particles reje‘t):ted
[bar] Process [nm] materials
05 10 000 — T
5000 P Suspended matter
£ Bacteria
1000 —— g Yeast species
. N 500 - H Size > 500kDa
=
2 I - 100 |-
Simple/Complex
3 1 50 i Emulsions
J gg s Proteins
e Se3 Vyruses
o 10 °% Hemoglobin
£ Size > 5kDa
5 |- T S
10 1]
L 1
20 = T s
ugars
30 | i 0,5 + s5%g Salts
8 §558 Zn*?
TEO® +
0’2 | Na
100 - S X L

Figure 1.9. The main processes of membrane separation (adaptation after [9] and [15])

An important aspect that is considered essential for the pressure driven membrane
processes, is the size of the pores, because many separation processes involve the principle of
dimensional exclusion [15].

Figure 1.9 shows the main membrane separation processes involving transmembrane
pressure as a driving force. It can be seen the ranges of pressure driven processes for
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), and the size
of the dissolved or suspended substances chosen for each process with examples of retained
materials.

1.4. Membrane Operating Modes

Liquid filtration membrane processes using the pressure gradient can be operated in two
ways, direct filtration where there is no secondary stream of the concentrate, and tangential
filtration where the feed stream has a constant permeate flow rate, parallel or tangential.

1.4.1. Direct flux

Direct flow filtration, often called Dead-End filtration, is the simplest configuration for
membrane separation processes. The feed solution is completely forced through a membrane
with a perpendicular direction and constant pressure across its surface. The retained matter
accumulating on the surface of the membrane is directly proportional to the volume of the filtrate.
When the flow reaches a critical value, filtration should be interrupted due to very high material
accumulation (cake formation), often requiring the membrane surface to be cleaned or replaced.
[75, 104].
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1.4.2. Tangential flux

According to International Union of Pure and Applied Chemistry (IUPAC), the term tangential
flow filtration is defined as a method of operating a filtration device in which the retained fluid is driven
parallel or tangential to the membrane surface, preventing the undesirable accumulation of filtered
material on the membrane [107]. Although in tangential flow filtration systems the rapid accumulation
of matter on the surface of the membrane is avoided in most cases, there is another phenomenon of
moderate fouling called concentration polarization [91]. Compared with Dead-End filtration, where the
permeability decrease is directly proportional to the solids concentration until the membrane cleaning
stage, the tangential filtration is continued until the adhesion forces that form the accumulation layer
on the surface of the membrane reach a steady state due to the erosion induced by the flowing fluid
coming into contact with the membrane [108].

1.5. Membrane classification according to the used materials

The selection of appropriate materials to fabricate the membranes for a specific
application is an important parameter in membrane science. Choosing the right material provides
control over the nature and interaction between the permeate and the membrane [20].

1.5.1. Organic membranes

Most of the membranes used are organic polymers, which covers about 90% [23, 44]. In
addition to their stable long-term separation properties, these materials are used to manufacture
membranes with high mechanical strength, thermal stability and chemical resistance [112].

Most membranes are asymmetric, consisting of a thin top layer followed by a thick pore
layer, the retention and permeability being governed only by the top layer [116].

1.5.2. Inorganic membranes

Inorganic membranes are mainly made of ceramic materials. Since ceramic membranes
are highly resistant to high temperature and have a good chemical stability differences in
aggressive environments [20], they are easy to clean and the lifetime is longer than that of
polymeric membranes [117].

Ceramic membranes presents some drawbacks, one example being the sealing problem
due to different thermal expansion of the ceramic membrane and the module material. Also, the
fragility of the ceramic membranes always requires careful handling [122]. Other disadvantages
limiting the use of ceramic membranes are: reduced ability to retain ions or molecules with low
mass, very high manufacturing costs and limited surface per module due to higher rigidity
compared to polymeric membranes [15, 45].

1.5.3. Organic-inorganic composite membranes

In the past decade, interest in development of composite membranes increased with the ability
to create new products with superior properties, and high applicability. The composite membranes may
be obtained from an inorganic support layer and a polymeric active layer [123, 124]. Also, the composite
membranes may be formed from a polymer base material with incorporation of micrometric inorganic
material [127, 128]. Recently, nanocomposite membranes have gained attention in the membrane
industry development, being composed of a polymeric matrix with nanopatrticle inclusions [132, 133].

1.6. Types of membrane morphologies

A proper selection of the material is an important step for the successful use of
membrane filtration. The membranes are divided into two general categories: porous and dense.
Dense membranes show a higher retention than the porous membranes, the main drawback
being the very low permeate production, while the porous membranes exhibit superior flow.
Dense membranes are influenced by their thickness, therefore the thickness must be minimal for
a satisfactory flux [23]. Most commercially available membranes are fully porous or consist of a
dense top layer on a porous support layer, called anisotropic membranes [42, 58].
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1.7. Methods for obtaining polymeric membranes

1.7.3. Phase inversion method

Phase inversion membranes were first developed by Loeb and Sourirajan from cellulose
acetate for desalting water [17].

Phase inversion can be described as a separation process where the polymer solution
is transformed in a controlled manner from a liquid into a solid state [148].

Immersion precipitation is a process in which a polymer solution is cast on a suitable
support and then immersed in a non-solvent coagulation bath where the exchange between
solvent and non-solvent produces the final membrane [116].

The most used polymers in the phase inversion membrane manufacture are polysulfone,
polyethersulfone, Polyvinylidene fluoride, cellulose acetate and polyamide [29].

These membranes can be used in all membrane pressure processes, namely
microfiltration, ultrafiltration, nanofiltration and reverse osmosis, as well as other processes such
as membrane distillation, pervaporation, etc. [152].

1.8. Partial conclusions

Membrane separation is a mature technology, being commercially available for a wide
range of applications, from domestic water filtration to industrial water purification, to pollution
prevention or to the decontamination of natural water sources, up to supporting life in space
stations. Membrane technology can be used to separate different mixtures of liquid or gaseous
substances for a wide range of applications. Also, in most cases, all substances produced after
filtration (permeate, retentate and concentrate) are considered valuable resources.

The most popular membrane processes are divided according pore sizes, in which
microfiltration membranes have the largest pores, ultrafiltration and nanofiltration membranes
have intermediate pores, and the membranes used in reverse osmosis have pores of the smallest
size.
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CHAPTER II

NANOCOMPOSITE MEMBRANES. STATE OF THE ART

2.1. Nanomaterials and nanocomposites. General notions

Nanomaterials have different physical, mechanical and chemical properties from the bulk
material, due in particular to the structure and very high active surface to volume ratio [20]. These
nanomaterials, with unique properties, have high efficiency in water and wastewater treatment
with applications such as absorption of contaminants resistant to biological degradation,
membrane processes, photocatalysis in disinfection and microbial control systems, sensors,
monitoring and others [163].

Polymeric nanocomposites containing functional organic or inorganic nanoparticles in
the polymer matrix have attracted a particular interest due to their superior thermo-mechanical
properties compared with micro-composite materials, maintaining the same loading and testing
conditions [165].

2.2. Nanocomposite membranes

In general, nanocomposite membranes are prepared by blending nanomaterials (the
additive) into the polymer solution or membrane matrix. The nanoparticles can be used as
coatings on the membrane surface or dispersed in the polymer solution before the membrane
formation process. Membranes having nanoparticles blended in the polymer matrix are also
referred to as Mixed Matrix Membranes (MMM) [133, 169].

Among the most commonly used techniques for membrane modification by
nanoparticles are ultraviolet irradiation, blending in the polymer solution / matrix (Figure 2.2.A),
graft polymerization, plasma grafting, as well as others [180, 181], the latter being considered
surface modification techniques (Figure 2.2.B).

(A) (B)

Figure 2.2. The schematic diagram of the nanocomposite membrane modification techniques by
nanoparticles: a) blending in a polymer matrix, and b) depositing on the membrane surface

Among these membrane modification methods, the blending of nanoparticles into the
polymer solution or membrane matrix is the most commonly used [183] and of technical interest
due to simplicity as well as moderate manufacturing conditions [184]. Additionally, although the
modifications made only at the surface of the membranes show considerable improvements in
hydrophilicity, retention and low fouling, they do not contribute to the optimization of the membranes
from a mechanical point of view, and under certain conditions of preparation they can contribute to
the decrease of permeability due to blocking pores with deposited nanomaterials [185]. Membranes
with nanoparticles embedded in their matrix exhibit surface enhancements (hydrophilicity, anti-
fouling, roughness) as well as tensile strength, elongation at break, flux, thermal and chemical
resistance [14,186].

The study of the influence of nanomaterials on membrane performance has to be divided
into 4 stages: analysis of type, concentration, size and shape of nanoparticles, all contributing to
the selection of optimal parameters in membrane manufacture.

5
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2.3. Influence of nanoparticle type and concentration on membrane properties

The most used nanomaterials in the field of water treatment are zinc oxide (ZnO) and
titanium dioxide (TiO2) due to high photocatalytic activity in degradation of organic pollutants,
stability, superior selectivity and low cost [187].

2.3.1. Titanium dioxide nanoparticles

Among the metal oxide nanoparticles, TiO»> has received special attention due to its
stability and availability in applications such as dyeing, catalysis and photocatalysis, batteries,
cosmetics, etc. In order to accelerate the degradation of organic contaminants, TiO:is often used
as a photocatalyst in water and wastewater treatment. When dispersed in the membrane, TiO»
nanoparticles not only can improve membrane hydrophilicity to enhance flux but destroy bacteria,
which mitigates membrane fouling and membrane bioreactor systems [188, 189] and reduces
biological fouling in reverse osmosis membranes.

2.3.2. Zinc oxide nanoparticles

Incorporation of zinc oxide nanomaterials into the membrane matrix is a promising
approach to solving membrane fouling problems [222]. Due to the high catalytic activity, high
chemical and mechanical stability, as well as bactericidal potential [223], the ZnO-nanocomposite
membranes ensures the development of a stable filtration system with improved physical and
chemical properties [226].

2.4. Influence of nanoparticle size on membrane properties

Choosing the optimal nanoparticles size for nanocomposite membranes manufacturing
is an important process in trying to determine their maximum efficiency. The active surface of the
nanoparticles is inversely proportional to their size, but the main disadvantage is that with the
decrease in nanoparticle size increases, the tendency to agglomerate, contributing to a decrease
in performance in the treatment of water and wastewater through membrane processes. Starting
from the aforementioned statements, this study is still researched in membrane technology to
determine the optimum size of nanoparticles with a high active surface and a minimal
agglomeration tendency.

2.5. Influence of nanoparticle shape on membrane properties

The most used nanomaterials in membrane technology are nanoparticles [245] and
nanotubes with single-walls [246] or multiple walls [249], and in recent years, increased interest
for nanowires [251, 252] and nanoplatelets [256]. The materials of these nano-objects cover an
extended sector, from non-metallic chemical elements (allotropes of carbon) [259] and
nonmetallic oxides (graphene oxide) [260], metals (silver, copper, etc.) [262, 263] and metal
oxides (ZnO, TiO,, Al,Os, SiO2, CuO, etc.) [63, 214] to materials with complex structures such as
clay minerals (halloysite, kaolinite, montmorillonite, etc.) [267, 268], metal-organic structures
(generally named metal organic frameworks - MOF) [270] and polymeric [273].

2.6. Review on mechanical properties of membranes used in water treatment

Mechanical resistance is one of the important baromembrane specifications that help
ensure membranes with stable and long lasting performance in the separation process [138].

Generally, when membranes are subjected to high pressures, they are exposed to the
risk of physical compaction, resulting in irreversible loss of water flux. This leads to the need to
analyze the membranes under real load conditions, and from the perspective of the mechanical
properties studies, also.

Among the most commonly used techniques of analyzes to determine the mechanical
properties of membranes are: bursting test [171, 197], nano-indentation [281, 282], bending test
(for ceramic membranes) [283, 284], dynamic mechanical test [285] and uniaxial traction test
[186, 206, 223].
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The uniaxial traction test is one of the fundamental and most commonly used test
methods for investigating mechanical behavior of materials. The sample to be analyzed is
elongated at a constant rate of controlled stretching until deformation or rupture occurs. The
mechanical properties reported by this method are elongation at break, tensile strength, Young
modulus, among others [290].

2.7. Partial conclusions

Progress in the development of nanocomposite polymer membranes for water treatment has
increased considerably in recent years. Supplementary, the control of physicochemical properties by
incorporating hanomaterials can provide the nanocomposite membranes unique properties and can
also induce new features and functions based on their synergistic effects between the matrix and the
filler. Potential applications of nanocomposite membranes could cover the entire separation spectrum,
including MF, UF, NF and RO.

In this chapter several aspects of the process of obtaining membranes with the addition
of nanomaterials used in water purification processes have been described. The two major
categories of membrane optimizations, highlighted here, are membrane surface changes by
nanoparticle coating and those in which nanoparticles are embedded in the polymer matrix, often
called blending method. From the efficiency point of view and the possibility of increasing the
performance of other properties, the blending method has captured the attention of researchers
in the last decades and is still a topical subject.
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CHAPTER 1l

MATERIALS, METHODS AND EXPERIMENTAL PROCEDURES

3.2. Membrane fabrication process

The parameters of interest for the study of membrane influence in this thesis were the
comparison of optimizations produced by membranes after incorporation of nanomaterials with
different crystalline structures, different forms, as well as different sizes and concentrations.

3.2.1. Polymer solution preparation

In this research, the following materials have been used: polysulfone (PSf, Mw ~ 35,000),
n-methylpyrrolidone (NMP, CsHgNO, 99%), nanoparticles and nanowires of zinc oxide (ZnO) of
different sizes and nanoparticles of titanium dioxide (TiOz). These were provided by two
manufacturers (Table 3.5) and used without further modifications. The nonwoven polyester
support layer (Novatexx 2471) was delivered from Freudenberg (Winheim, Germany).

Table 3.5. Details of labeling, crystalline structure, shape and the size of
the nanomaterials used in the thesis

No. Material Crystaline structure**+* Shape*/ Size Manufacturer
1 Polysulfone Amorphous granules
2 N- methylpyrrolidone - liquid
3 Titanium dioxide Rutile*** NP, <100nm _ .
— — - - Sigma Aldrich
4 Titanium dioxide Anatase/Rutile mixture** NP, <100nm (USA)
. . . NW, D:50nm,
5 Zinc oxide Not mentioned L-300nm
6 Zinc oxide Not mentioned NP, <100nm
7 Zinc oxide Not mentioned NP, <50nm
8 Zinc oxide Not mentioned NP, <25nm EMFUTUR
9 Zinc oxide Not mentioned NP, <14nm (Spain)

*NP - nanoparticles; NW - nanowires;

** The Anatase/Rutile mixture of TiO, nanoparticles has a ratio of 87.5/12.5, determined by XRD analysis (ANNEX 1);
*** The detected composition of TiO, Rutile nanopatrticles is 86.3 / 13.7 (Rutile/TiO2-uncategorised)
(ANNEX 2);

*** XRD analyzes were obtained with a diffractometer Dron 3M, molybdenum anticathode.

The nanocomposite membranes were manufactured by incorporating the
aforementioned nanomaterials into the polymeric solutions of PSf dissolved in NMP. By adding
nanomaterials to the solution, the solvent and polymer concentrations were reduced concurrently
to maintain the ratio of the two substances. Table 3.6 shows the concentrations of polymer and
solvent used for the control membrane.

Table 3.6. Polysulfone and n-methylpyrrolidone concentrations of the polymer used for
the control membrane manufacture

Polysulfone N- methylpyrrolidone
Membrane [wt.%] fwt.%]
Control 25 75

Table 3.7 presents the nanomaterials used to obtain the nanocomposite membranes as
well as their crystalline structure, shape, size and concentrations.
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Table 3.7. The key details about the nanomaterials added in the polymer
solutions for membrane manufacture

TiOznanoparticles

| Concentration [wt.%] Structura cristalina
Influence of TiO2 NP type 0.1 Rutile
0.5 /
1 Anatase

ZnO nanomaterials

1. Concentration [wt.%] Shape
Influence of ZnO nanomaterial shape

Nanowires

0.5 .
Nanopatrticles

ZnO Nanoparticles

Concentration [wt.%)] Size [nm]
01 100
Il

Influence of ZnO nanoparticle size 50

0.5
25

1

14

3.2.2. Membrane formation by phase inversion method

Figure 3.2 shows the manufacturing steps of the membranes obtained in AN 011
laboratory. Once the polymer-solvent or polymer-solvent-nanomaterial blend has been
homogenized for 24 hours, the polymer solutions will be casted in thin films.
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Figure 3.2. Presentation of the steps in manufacturing the polymer solution and the
membrane through phase inversion process
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Prior to the casting step, the support layer is attached to a glass support, then wetted
with N-methylpyrrolidone solvent to prevent the polymer from penetrating the pores of the support
layer. After the excess solvent has been removed, an amount of polymer solution was poured
onto the wetted support layer. Afterwards, a thin film polymer solution is casted in a 250um thin
polymer film using a casting knife. After a short time, the thin film solution is immersed in the
coagulation bath containing non-solvent (distilled water). At this stage, the phase inversion
occurs, where, after the exchange between solvent and non-solvent, a porous polymer film is
formed, which represent the final membrane. After 15 minutes the phase inversion is complete
and the membrane is transferred and stored in a container containing distilled water to ensure
that the solvent residue is completely removed.

For the fabrication of nanocomposite membranes, firstly the solvent solution is stirred
with the known nanomaterial for one hour, followed by the normal procedure.

The manufacture of membranes by the phase inversion method is still used in research
and production on an industrial scale, also [318].

3.3. Membrane characterization

Since the membranes are different in several aspects, such as the materials used to obtain
the polymer solution, membrane morphology, separation mechanism and domains of applications, a
great number of different techniques are needed for their characterizations [75].

3.3.1. Scanning Electron Microscopy (SEM) and Elemental Analysis with X-ray Dispersive
Spectrometry (EDX)

Sample morphology was investigated using the FEI Quanta 200 scanning microscope
equipped with an EDX elemental composition analyzer at an acceleration voltage of 15 kV and
25 kV. All samples were sputtered with gold prior to observation in order to obtain conductivity
during analysis for better image quality. The presence of nanoparticles with different
concentrations was confirmed by the EDX spectra.

3.3.2. UV-VIS spectrophotometry analysis

In the present study, the spectrophotometer was used to determine the concentration of
the solution contaminated with a Congo Red dye (696.7 g/mol) before and after membrane
filtration.

3.3.4. Atomic force microscopy (AFM) analysis
The membrane roughness analysis obtained in this thesis was performed with the
NanoSurf EasyScan 2 roughness measuring instrument with a scanned surface of 5 x 5 um.

3.4.1 Contact angle analysis

The surface hydrophilicity of the prepared PSf nanocomposite membranes was
evaluated by measuring the contact angle between the polymer surface and a drop of water using
a contact angle goniometer (OCA 15EC, DataPhysics). The dropping was repeated several times
and the mean value was reported for the contact angle of each sample [352].

3.5. Permeation tests

The prepared membranes were characterized for pure water flux and permeability in a
stirred cell (Sterlitech HP4750) with a total volume of 300 mL and a membrane surface area
14.6cm2. The cell was fitted with a pressure gauge and pressurized with nitrogen gas to force the
liquid to pass through the membrane [352].

Distilled water flux (Lmht) was measured using the gravimetric method and determined
by applying the following equation:

Jap = — (3.2)

At

10
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where V is the volume of the collected permeate (L), A - the effective area of the tested
membrane (m?) and t is the duration of the permeation process (h) [63].

The slope of the linear regression of the pure water flow on AP was determined as the
permeability of pure water (Lm-2hbar?) which was calculated using the following expression:

Permeability _ distilled\AA/pater flux (3.3)
where Ap is the operating pressure (bar).
In the case of permeability, it was determined by measuring flows at different working
pressures (10, 12, 14, 16, 18 and 20bar).

3.6. Retention tests

The chosen dye is Congo red with a molecular weight of 696.665 g/mol, insoluble in
water. The dye concentration is determined spectroscopically using a HACH DR 5000 UV-Vis
spectrophotometer (Hach Lange GmbH, Germany) [356].

3.7. Degree of fouling analysis
The fouling resistance of the control and modified membranes is characterized by the
relative flux, RF, and is calculated as follows:

RF = Irc (3.6)

Jap

where Jrc is the retention flux of Congo red Dye solution (10ppm).
Relative flux reduction, RFR [%], is calculated as follows [356]:

RFR = (1- j&) x 100 (3.7)

AD

Relative flux reduction represents the total membrane fouling, which includes both
reversible fouling (it is easily removed by backflushing) and irreversible fouling (cannot be
removed).

3.8.1. Elongation-at-break

By measuring the deformation of the sample, the elongation of the membrane subjected
to tensile tests performed with the specific instrument for testing the mechanical properties (Instron
8850) was used. This was calculated by the ratio of the length variation AL of the material and the
initial length Lo [359]:

e =A4L/Ly = (1 — Ly)/ Lo (3.9)

The total sample size tested was 2cm wide and 17cm long, and the length of the
deformed sample is 10cm, in accordance with ISO 527-1.

3.8.2. Tensile strength
The tensile strength, denoted o. [MPa], represents the ratio between the maximum
breaking force Fmax and the initial cross sectional area of the sample (Ao) [360].

F,
0y = max/, (3.10)

In this case, the modulus of elasticity was manually determined by applying the ISO 527-
1 standard, where it was calculated according to equation:

02—01

E, = (3.11)

€2—¢€1

11
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where E; is the modulus of elasticity [MPa], 0.1 reprezents de force [MPa] measured at
strain €1 = 0.0005 and o, reprezents de force [MPa] at strain €2 = 0.0025 [291].

3.9. Partial conclusions

Polysulfone polymer, N-methylpyrrolidone solvent and nanomaterials of different types,
shapes and sizes were used in this research as follows: TiO» nanopatrticles of similar size (100nm)
with Rutile and Anatase crystalline structures, ZnO nanowires with diameter of 50nm and 100nm
length, and ZnO nanoparticles with four different sizes (14, 25, 50 and 100nm).

To obtain the polymeric membranes, the phase inversion method was used by
immersing the polymer film solution in the coagulation bath (distilled water). The membranes so
obtained were physically, structurally, chemically and mechanically characterized by advanced
analysis methods, namely:

- surface roughness by atomic force microscopy (AFM);

- surface and cross-sectional structure analyzed by electronic scanning microscopy

(SEM);
- chemical composition of membranes by X-ray dispersion spectroscopy (EDX) and
Raman specroscopy;

- porosity by gravimetric method;

- membrane hydrophilicity by contact angle method.

In order to understand the performance of the membranes in wastewater treatment
processes, their permeation properties were determined by studying the distilled water flux,
permeability, relative flux and retention capacity of 10 ppm Red Congo dye solution in the Dead-
end filtration cell.

12
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CHAPTER IV

MORPHOLOGICAL, TOPOGRAPHIC AND STRUCTURAL CHARACTERIZATIONS
OF THE STUDIED NANOCOMPOSITE MEMBRANES

4.1. Influence of the crystalline structure of titanium dioxide nanoparticles on membrane
properties

For this study on the influence of the nanoparticle crystalline structure on the membrane
properties, two types of titanium dioxide nanoparticles were chosen. Both types of nanopatrticles
are smaller than 100nm, the major difference being the crystalline structure. The first type of
nanoparticles has a Rutile structure and the second type is a mixture of Anatase and Rutile, the
Anatase structure being the majority. The membranes are noted after the nanoparticle
concentration added to the polymer solution, expressed as weight percent (wt.%), and the
majority crystalline structure for each type of nanoparticle (Rutile or Anatase).

Since the first implementation of titanium dioxide nanoparticles in the optimization of
membrane separation processes (2005), numerous studies of their influence have been
conducted [65, 200, 237]. However, according to my knowledge gained from literature studies,
the role of crystalline structure of nanoparticles on the membrane properties has not been
discussed.

4.1.1. SEM and EDX analysis of the studied membranes
4.1.1.1. Membrane surface analysis by SEM-EDX method

Blending a small concentration of nanopatrticles can considerably influence the surface
properties of the membranes. The number, size and distribution of pores at the surface of the
membrane can provide important details on the filtration capacity in terms of water flux and
retention of contaminants. In the case of the nanocomposite membranes with 0.1 wt.% TiO2 Rutile
nanoparticles (Figure 4.1.b), the number of pores on the surface increases, while the size
distribution remains unchanged, similar to the control membrane.

Figure 4.1. Surface SEM images of the control membrane (a) and membranes with 0.1wt.%
TiO. with crystalline structure Rutile (b) and 0.1wt% TiO> with crystalline structure Anatase (c)

The TiO, Anatase nanoparticles are influencing the morphology of polymeric membranes
in a different manner. Figure 4.1.c shows that nanocomposite membranes modified with 0.1wt.%
TiO2 Anatase did not increase the number of pores yet their size decreased compared to the
control and 0.1wt.% TiO. Rutile membranes.

13
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Figure 4.2. Surface SEM images of control membrane (a) and membranes with 0.5wt.% rio2
crystalline structure Rutile (b) and 0.5wt% TiO- crystalline structure Anatase (c)

Agglomerations are more pronounced in the case of membranes blended with
nanoparticles of Anatase crystalline structure (Figure 4.3.c).

Figure 4.3. Surface SEM images of control membrane (a) and membranes with 1wt.% TiO-
with crystalline structure Rutile (b) and with addition of 1wt.% TiO> with crystalline structure
Anatase (c)

The nanoparticle agglomeration tendency on the surface of the studied membranes is
higher for membranes blended with TiO, Anatase nanoparticles. Elemental analysis confirms that
the membranes with TiO, Anatase nanoparticles exhibit a higher percentage of nanoparticles on
its surface while membranes blended with TiO, Rutile nanoparticles respect to a more precise
extent the nanoparticle mass percentage initially incorporated in the polymer solution.

Table 4.1. Surface elemental analysis by the EDX method of
control membrane and membranes with the addition of titanium dioxide nanoparticles

Membrane Carbon [%] Oxygen [%] Sulphur [%] Titanium [%)]
Control 89.67 6.71 3.62 -

0.1wt.% TiO2 Rutile 89.17 6.93 3.86 0.04
0.5wt.% TiO2 Rutile 89.11 7.42 3.80 0.11
1wt.% TiO2 Rutile 87.75 8.09 3.64 0.52
0.1wt.% TiO2 Anatase 88.86 7.08 3.92 0.14
0.5wt.% TiO2 Anatase 88.61 7.46 3.73 0.20
1wt.% TiO2 Anatase 86.87 8.68 3.57 0.88
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4.1.1.2. Cross-section SEM and EDX analysis of the studied membranes
Membrane morphology indicates that their modification by incorporating 0.1wt.% nanoparticles
does not result in noticeable differences compared with the control membrane (Figure 4.5).

W

Fir 4.5. Cross-section SEM ages with the contrl memrane (a) and membranes with
the addition of 0.1wt.% Rutile (b) and 0.1wt.% Anatase (c)

When blending an amount of 0.5wt% nanopatrticles into the studied membranes (Figure
4.6), the length of the pores increases, so the base is narrower with finger-like shape [204]. The
active top layer is thinner and denser, which can lead to superior permeation properties.

Fir 4.6. Cross-section SEM |m with the control memrne (a) and membranes with
the addition of 0.5wt.% Rutile (b) and 0.5wt.% Anatase (c)

In the SEM sectional view of the modified membranes to 1wt.% nanoparticles (Figure
4.7), more uniform and elongated finger-like pores were observed, compared to the membranes
of lower concentration of the nanoparticles.

Figre 4.7. Cross-section SEM ag with the control membne () and membranes with
the addition of 1wt.% Rutile (b) and 1wt.% Anatase (c)

In the cross-section elemental analysis of the membranes modified with TiO-
nanoparticles of different concentrations and crystalline structures, Table 4.2, it can be seen that

15
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the percentage of the oxygen element increased compared to the control membrane due to the
presence of this specific element in the polysulfone's chemical composition, but also present in
the composition of the titanium dioxid nanopatrticles. The increased percentage of nanoparticles
detected by the EDX method (titanium element), relative to the initial nanoparticle amount added
to the polymer solutions, denotes their agglomeration behavior.

Table 4.2. Cross-section elemental analysis by the EDX method of the control
membranes and those with addition of titanium dioxide nanopatrticles

Membrane Carbon [%] Oxygen [%] Sulphur [%] Titanium [%]
Control 90.34 7.06 2.60 -

0.1wt.% TiO2 Rutile 89.88 8.21 1.88 0.03
0.5wt.% TiO2 Rutile 89.18 8.23 2.24 0.35
1wt.% TiO2 Rutile 88.89 8.30 2.26 0.55
0.1wt.% TiO2 Anatase 89.87 7.87 2.10 0.16
0.5wt.% TiO2 Anatase 89.23 8.17 2.33 0.27
1wt.% TiO2 Anatase 87.33 10.34 1.90 0.43

From the correlation of Table 4.1 with Table 4.2, it is observed that the presence of TiO;
Anatase nanoparticles at the surface of the membranes is higher than the percentage found in the
cross-section of the membrane. These differences between the surface and the membrane's section
can confirm the high degree of migration of the nanopatrticles to the surface of the membranes.

4.1.3. Analysis of membrane hydrophilicity by contact angle method

Due to the high hydrophilicity of the nanopatrticles, it is observed that at the time of their
incorporation, regardless of the chosen weight percentage, the contact angle decreases,
improving the hydrophilic character of the membranes. From the crystalline structure of the
nanoparticles point of view, it is noticeable that the TiO, Anatase-containing membranes have
lower contact angles, as observed in Figure 4.10.
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Figure 4.10. Contact angle values of control membranes and those with addition of

nanoparticles with different concentrations and crystalline structures. The dotted line

represents the contact angle of the control membrane. Standard deviation of control
membrane is + 3,674
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4.1.5. Atomic force microscopy (AFM) results
The average surface roughness (Ra) values of the studied membranes are shown in

Figure 4.16. These confirm the superior hydrophilic nature of the TiO. Anatase-added
membranes due to the greater roughness produced by the higher amount of Anatase
nanoparticles, compared to membranes containing TiO, Rutile nanopatrticles.
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Figure 4.16 The roughnesses of control membranes and those with addition of nanoparticles with
different concentrations and crystalline structures. The dotted line represents the mean surface
roughness of the reference membrane with a standard deviation of £ 0,599

4.2. Influence of zinc oxide nanomaterial shape on membrane properties

Of all the knowledge gained from the dissemination of topical scientific papers, the
comparison of zinc oxide nanowires and zinc oxide nanoparticles to their influence on the
polysulfone membranes properties has not been discussed so far, especially from a mechanical

point of view.

4.2.1. SEM and EDX analysis of the studied membranes
4.2.2.1. Membrane surface analysis by SEM-EDX method
The nanocomposite membranes exhibit a higher number of pores at surface compared

to the control membrane (Figure 4.17.a).

Figure 4.17. Surface SEM images of control membrane (a) and the membranes modified with
0.5 wt% zinc oxide nanowires (b) and nanoparticles (c)
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However, there are obvious differences between the nanocomposite membranes,
namely that the membrane with the addition of ZnO nanoparticles (Figure 4.17.c) has a pore
density superior to the nanowire-blended membrane. This phenomenon is closely linked to the
differences in the active surfaces of the nanomaterials.

According to EDX results in Table 4.4, the presence of nanoparticles on the surface of
the membrane is lower than the modified membrane with 0.5wt.% ZnO nanowires, meaning that
a certain quantity of nanoparticles has been washed into the coagulation bath during the phase
inversion process.

Table 4.4. The percentages of the characteristic elements of control membrane and those with addition of
zinc oxide nanomaterials detected at the surface by the EDX method

Membrane Carbon [%] Oxygen [%] Sulphur [%] Zinc [%]
Control 89.67 6.71 3.62 -
0.5wt.% ZnO nanowires 88.68 7.17 3.38 0.77
0.5wt.% ZnO nanoparticles 89.60 6.76 3.06 0.58

4.2.2.2. Cross-section SEM and EDX analysis of the studied membranes

In the case of the nanowire embedded membrane, the pores have a finger-like shape,
all of which have similar elongated structures where the upper part does not have a visible
connection to the bottom of the membrane, which can condition a high water flux.

t —— _ o .

Figure 4.19. Cross-section SEM images of control membrane (a) and the membranes modified with
0.5 wt% zinc oxide nanowires (b) and nanoparticles ()

The cross-section structure of the modified membrane by adding 0.5wt% ZnO nanopatrticles
(Figure 4.19.c) show narrower and higher number of pores that assure a direct connection between

the upper and lower membrane areas. This type of structure facilitates the transport of water through
the membrane, which determines a high flux.

Table 4.5. The percentages of the elements present in cross-section structures of the control membrane
and those modified with nanowires and nanoparticles of zinc oxide

Membrane Carbon [%] Oxygen [%] Sulphur [%] Zinc [%]
Contr0| 9034 706 260 -
0.5wt.% ZnO nanowire 89.40 7.60 2.51 0.49
0.5Wt.% ZnO nanoparticles 88.34 8.77 2.59 0.31

The percentage of zinc element in cross-sections of nanocomposite membranes
modified with nanowires is approximately equal to the weight percentage of ZnO nanoparticles-
blended membranes.
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4.2.3. Analysis of hydrophilic character by contact angle method

Due to the hydrophilic character of ZnO nanomaterials, it is observed in Figure 4.22, that
the contact angles of the nanocomposite membranes are lower than that of the membrane without
added nanoparticles.
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Figure 4.22. The contact angles of the control membrane and the membranes with addition
of zinc oxide nanoparticles and nanowires

4.2.5. Topographic characterization of membranes by atomic force microscopy (AFM)

Figure 4.26 shows the surface roughness values of membranes without nanoparticles
and those with the addition of ZnO nanowires and nanopatrticles. In the study of the roughness
profiles the presence of agglomerations on the surface of the membranes with addition of ZnO
nanoparticles was observed, but this did not lead to the increase of the final roughness above the
value of the control membrane roughness.
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Figure 4.26. Surface roughness (Sa) values and standard deviation of control membrane and
membranes modified by addition of 0.5wt.% ZnO nanowires and 0.5wt% ZnO nanoparticles

4.3. Influence of zinc oxide nanoparticle size on membrane properties

The effect of size (100nm, 50nm, 25nm and 14nm) and concentration (0.1wt%, 0.5wt%
and 1wt.%) of ZnO nanoparticles over the polysulfone membranes obtained by the phase
inversion method was of interest in this study.
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4.3.1. Electronic scanning microscopy (SEM) and EDX analysis on studied membranes
4.3.1.1. Membrane surface analysis by SEM-EDX method

Figure 4.27 shows SEM surface images for membranes with a concentration of 0.1wt.%
ZnO nanoparticles. Blending ZnO nanoparticles with sizes of 50nm (Figure 4.27.c), 25nm
(Figure 4.27.d) and 14nm (Figure 4.27.e) produced an increase in the number of pores and also
their decrease, the most pronounced changes in morphology being for membranes blended with
nanoparticles of 25nm and 14nm in size.

Figure 4.27. Surface SEM micrographs of the control membrane (a) and the modified
membranes by the addition of 0.1wt.% zinc oxide nanoparticles with dimensions of 100nm
(b), 50nm (c), 25nm (d) and 14nm (e)

Regarding the influence of nanoparticles with the size of 100nm (Figure 4.27.b) over the
surface porosity, there are no differences compared with the control membrane (Figure 4.27.a).

Figure 4.28. Surface SEM micrographs of the control membrane (a) and the modified
membranes by the addition of 0.5wt.% zinc oxide nanoparticles with dimensions of 100nm
(b), 50nm (c), 25nm (d) and 14nm (e)

For the membranes with a mass percentage of 0.5wt.% ZnO (Figure 4.28) it is observed
that, for all nanopatrticle sizes, there are substantial changes at surface compared with the control
membrane (Figure 4.28.a).

20



Pintilie Stefan Catalin Chapter IV. Morphological,
The influence of nanoparticle type and size on the composite topographic and structural
polymeric membranes used in wastewater treatment characterizations of the studied

nanocomposite membranes

The morphology of nanocomposite membrane surface can be analyzed in Figure 4.29,
where a mass percentage of 1wt.% ZnO nanoparticles of different sizes were added to the
polymer solutions of the studied membranes. At this concentration of nhanopatrticles, it can easily
be observed their high agglomeration tendency regardless of size.

Figure 4.29. Surfac SEM ogras of te control emne (a) and the modified
membranes by the addition of 1wt.% zinc oxide nanoparticles with dimensions of 100nm (b),
50nm (c), 25nm (d) and 14nm (e)

The agglomeration tendency of the nanoparticles on the membrane surfaces can be
confirmed by the high values reported by EDX elemental analysis, values shown in Table 4.6.
The highest percentages of the Zn element are for membranes with nanoparticles with a size of
100nm. The presence of Zn on the surface of the membranes decreases directly in proportion
with the decrease in nanoparticle size.

Table 4.6. The elemental composition detected by EDX analysis at the surface for the membranes with
addition of ZnO nanopatrticles of different sizes and concentrations

Membrane Carbon [%] Oxygen [%] Sulphur [%] zZinc [%]
Control 89.67 6.71 3.62 -
0.1wt.% ZnO 100nm 86.99 7.46 5.22 0.32
0.5wt.% ZnO 100nm 88.26 7.33 3.75 0.67
1wt.% ZnO 100nm 88.23 7.81 2.97 0.99
0.1wt.% ZnO 50nm 89.53 7.38 2.81 0.29
0.5wt.% ZnO 50nm 89.60 6.76 3.06 0.58
1wt.% ZnO 50nm 88.64 7.40 3.13 0.83
0.1wt.% ZnO 25nm 88.34 6.87 4.64 0.15
0.5wt.% ZnO 25nm 89.28 6.89 3.51 0.32
1wt.% ZnO 25nm 88.80 6.94 3.62 0.63
0.1wt.% ZnO 14nm 88.41 7.19 4.30 0.11
0.5wt.% ZnO 14nm 89.40 7.00 3.48 0.12
1wt.% ZnO 14nm 89.43 6.51 3.59 0.47
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4.3.1.2. Cross-section SEM and EDX analysis of the studied membranes

In the study of the influence of 0.1wt.% nanoparticles on the membrane section
morphology (Figure 4.31), there are no big differences between the control membrane and the
nanocomposite membranes, the asserted structures being affirmed by the porosity values.

Figure 4.31. Cross-sectional SEM micrographs of control membranes (a) and with addition of
0.1wt.% ZnO nanoparticles with sizes of 100nm (b), 50nm (c), 25nm (d) and 14nm (e)

At the concentration of 0.5wt.% ZnO added to the polymer solution, the section
morphology produced after phase inversion resulted in elongated pores with a denser top-layer
than the control membrane. The membranes with blended nanoparticles of 100nm ZnO (Figure
4.32.b) and 50nm (Figure 4.32.c) showed pores connecting the extremities of membranes, and
for membranes with ZnO 25nm (Figure 4.32.d) and 14nm ZnO nanoparticles such morphology
was not present.

L X A s Rk

Figure 4.32. Cross-sectional SEM micrographs of control membranes (a) and with addition of
0.5wt.% ZnO nanoparticles with sizes of 200nm (b), 50nm (c), 25nm (d) and 14nm (e)

The membranes obtained by the addition of 1wt.% ZnO nanoparticles have an
asymmetric structure similar to those obtained previously, according to Figure 4.33. By
comparing the cross-sections of the membrane structures of different ZnO concentrations, it is
observed that by increasing nanoparticle concentration from 0.1 to 1 wt.%, the porosity of the
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membranes differs as the pores are smaller but much denser at higher nanoparticle
concentrations.

Figure 4.33. Cross-sectional SEM micrographs of control membranes (a) and with addition of
1wt.% ZnO nanoparticles with sizes of 100nm (b), 50nm (c), 25nm (d) and 14nm (e)

As for the mass percentage of the Zn element detected in the membrane cross-sections
(Table 4.7), these values differ from the membrane surfaces (Table 4.6). Here, the concentration
increases with the decrease of nanoparticle size.

Table 4.7. Cross-section elemental EDX analysis of control membranes and with the addition of ZnO
nanoparticles of different sizes and concentrations

Membrane Carbon [%] Oxygen [%] Sulphur [%] zZinc [%]
Control 90.34 7.06 2.60 -
0.1wt.% ZnO 100nm 88.85 8.40 2.50 0.25
0.5wt.% ZnO 100nm 88.68 8.68 2.34 0.30
1wt.% ZnO 100nm 88.62 8.79 2.21 0.38
0.1wt.% ZnO 50nm 88.81 8.63 2.46 0.10
0.5wt.% ZnO 50nm 88.34 8.77 2.58 0.31
1wt.% ZnO 50nm 87.05 9.74 241 0.80
0.1wt.% ZnO 25nm 88.49 9.01 241 0.09
0.5wt.% ZnO 25nm 88.59 8.53 2.37 0.51
1wt.% ZnO 25nm 88.01 9.02 2.19 0.78
0.1wt.% ZnO 14nm 88.66 8.66 2.57 0.11
0.5wt.% ZnO 14nm 88.12 9.05 2.56 0.27
1wt.% ZnO 14nm 87.46 9.09 2.88 0.57

4.3.3. Analysis of membrane hydrophilicity by contact angle method

The highest contact angle value is characteristic for the control membrane (73°). From
the nanoparticles concentration point of view, it is noted that the contact angle is inversely
proportional to the nanopatrticle weight percent. In terms of nanoparticle size, the downward trend
in contact angle is not linear.
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Figure 4.36. Hydrophilicity of membranes according to the concentration and size of ZnO
nanoparticles. The dotted line represents the contact angle of control membrane. Standard
deviation of control membrane is + 3,674

4.3.5. Atomic force microscopy (AFM) results

It can be seen that the control membrane exhibits a greater roughness than the 0.1wt%
and 0.5wt% ZnO membranes. These results reveal that the presence of nanoparticles leads, up
to a certain load, to a smoother membrane surface.

Adding a concentration of zinc oxide nanoparticles greater than 0.5wt.% produces an
increase in roughness compared to the control membrane but also to the lower nanoparticle
concentration-membranes.
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Figure 4.44. The average surface roughness values of the control membranes and the
addition of zinc oxide nanopatrticles of different sizes. The dotted line represents the mean
surface roughness of the reference membrane with a standard deviation of + 0,599

4.4. Partial conclusions

I. In the investigation of the influence of crystalline structure on the properties of the
studied membranes by the addition of TiO. Rutile and TiO. Anatase nanoparticles in the
membrane matrix, the following conclusions can be highlighted:

In the surface SEM analysis, an increase in the number of pores but also a decrease in
their size since the incorporation of a small amount of nanoparticles (0.1wt.%) was observed,
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these changes being directly proportional to the concentration of the nanoparticles added. These
changes lead to an increase in flux as well as an increase in retention degree;

Increasing the amount of nanoparticles leads to the appearance of agglomerations on
the surface of the membranes. The SEM images, elemental analyzes and the roughness of the
studied membranes confirmed a higher tendency of TiO, Anatase nanoparticles to produce
agglomerations on the surface of the membranes compared to the modified membranes with
addition of TiO. Rutile nanoparticles;

Compared to the control membrane, the nanocomposite membranes exhibit improved or
similar properties in the case of the membranes modified with 0.1wt.% titanium dioxide nanopatrticles.

Il. In the study of the influence of nanomaterial shape on membrane properties, the
following partial conclusions were drawn:

The membranes resulted from nanoparticle and nanowire embedding exhibit asymmetric
cross-sectional structures and elongated pores where the most notable difference is that
membranes blended with 0.5wt.% nanoparticle have larger pores that are connecting the top with
the bottom parts of the membrane;

The surface pores, produced by blending nanowires in the membranes, are larger with
a lower density than the nanoparticle blended-membranes, which means a lower flux;

The hydrophilicity of the nanoparticle-added membranes is the highest, whereas the
control membrane has a hydrophobic tendency;

As a result of the AFM analysis, an increase in roughness of the nanowire blended-
membranes can be observed, while the membrane modified by nanoparticles has reached the
lowest roughness.

lll. After the inclusion of zinc oxide nanoparticles of various sizes in the membrane matrix,
the following results have been observed:

The membrane pore size decreased when small nanoparticles were embedded;

All membranes exhibit an asymmetric structure, the most notable changes being observed for
membranes with 50nm nanoparticle addition and concentrations of 0.5wt% and 1wit%;

The minimum contact angle was obtained by the membrane with 1 wt.% ZnO 50nm, and
the diminution of the nanoparticle size leads to an increase of the contact angle. The most
hydrophobic membrane was the one without the addition of nanoparticles;

Decreasing the size of nanoparticles in the membrane leads to a decrease in surface
roughness;

All analyzes of this chapter are closely related to membrane performance in terms of
permeation, retention, fouling degree, and mechanical properties.
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CHAPTER V

EXPERIMENTAL RESULTS ON THE INFLUENCE OF NANOPARTICLES ON
MEMBRANE PERFORMANCE

5.1. Study of membrane properties on the influence of the crystalline structure of titanium
dioxide nanoparticles

5.1.1. Determination of permeation properties
5.1.1.2. The permeability of the studied membranes

After stabilizing the membrane flux at 10bar, the membranes were gradually subjected to
higher filtration pressures, up to 20bar, to study permeability. The permeability values are shown in
Figure 5.2. The most important difference on these nanocomposite membranes, taking into
account both crystalline structure and nanoparticle concentration, is produced between the
membranes with 0.5wt.% TiO,, the Rutile membrane producing permeability of 9.36% higher than
the membranes modified with Anatase. However, compared to the control membrane, inclusion of
0.5wt.% TiO, Rutile and Anatase nanopatrticles in the polymer solution resulted in an increase in
permeability of 139.73% and 119.18%.
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Figure 5.2. Permeability of the control membrane and those modified with the addition of Rutile
and Anatase nanoparticles at concentrations of 0.1wt.%, 0.5wt.% and 1wt.%. The dotted line
represents the permeability of the control membrane with a standard deviation of + 3.387

5.1.2. The retention capacity of the studied membranes

In membrane retention tests, a Congo Red concentration solution of 10 ppm was used.
The Red Congo retention increases directly proportional with the weight percentage of
nanoparticles in the membranes. The highest retention rates were obtained at 1wt.% TiO-
membranes, with 98.71% and 98.80% for Rutile nanoparticles and Anatase nanoparticles,
respectively.

Although the addition of 1 wt.% nanoparticles has led to a decrease in water flux due to
the tendency of nanoparticles to block the pores, there has been no decrease in separation
performance in the Congo Red retention tests. Good retention means ensuring increased water
quality in a membrane process.
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Figure 5.3. Retention values of Congo Red dye (10ppm) for control and modified membranes
with TiO, Rutile and Anatase nanoparticles and different concentrations. The dotted line
represents the control membrane dye retention value with a standard deviation of + 2,877

5.1.3. Fouling studies of the resulted membranes
The membrane's ability to withstand fouling is dependent on surface chemistry,
roughness and hydrophilicity [185].

5.1.3.1. Relative flux
The filtration of the dye solution revealed that the reference membrane had the lowest
value of relative flux.
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Figure 5.4. The membrane fouling study by relative flux method of the control
membrane and TiO, Rutile and Anatase modified membranes at concentrations of 0.1wt.%
(a), 0.5wt.% (b) and 1wt.% (c)

The relative flux of nanocomposite membranes increased for nanoparticle
concentrations of 0.1wt% and 0.5wt% (Figure 5.4.a and b), then decreased considerably at
concentrations of 1wt.% TiO> both Rutile and Anatase (Figure 5.4.c). This trend was also
observed by other authors [382, 411].
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The 0.5wt.% TiO. membranes offered similar values of the relative flux with the
membranes with lower quantity of nanopatrticles, but their stability over time is lower than the
membranes with 0.1wt% nanopatrticle. This aspect can be caused by relatively higher roughness
values of 0.5wt.% TiO, membranes than membranes with 0.1wt.% TiO,. For membranes with
Iwt.% TiO2, the relative flux decline is the most pronounced, mainly due to the increase in
roughness produced by high nanoparticle agglomerates on the surface of the membranes.

5.1.3.2. Relative flux reduction

The lowest relative flux reduction was obtained by the membrane with the addition of
0.1wt.% TiO, Rutile with a value of 24.91%. It can be seen that membranes with nanoparticle
concentrations of 0.1wt% and 0.5wt% have similar values, which means they have favorable anti-
fouling properties.
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Figure 5.5. Study of fouling degree for membranes with TiO; rutile and anatase
nanoparticles. The dotted line represents the relative flux reduction of the control membrane.
The standard deviation of the control membrane is + 1.968

The increase in the relative flux reduction by membranes with 1wt.% TiO, nanoparticle
addition means that they have suffered a higher fouling degree.

5.1.4. Mechanical properties of the studied membranes

An appropriate concentration of titanium dioxide nanoparticles can optimize mechanical
properties such as tensile strength, elongation at break and modulus of elasticity. These
efficiencies are necessary to prevent possible defects caused by high pressures from water
filtration in engineering applications.

5.1.4.2. Elongation at break

Figure 5.7 shows the details of the elongation of the membranes resulting from the
sample break. The decrease in elongation at break is directly proportional to the increase in
nanoparticle concentration. The lower elongation of TiO, Rutile blended membranes can be
explained by the higher nanopatrticle stiffness, which limits the free movement of polymer chains.

Higher elongation at break values for TiO, Anatase membranes are explained by the
presence of higher nanoparticles in the membrane structure confirmed by EDX analysis as well
as their uniform distribution in membrane matrices.
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Figure 5.7. Elongation at break of TiO, Rutile and Anatase blended membranes. The dotted
line represents the elongation at break of the control membrane with a standard deviation of
+3,961. The dash-dotted line is the elongation at break of the support layer with a standard
deviation of £1.258

5.1.4.3. Tensile strength

The incorporation of low concentration TiO, nanoparticles does not affect nanocomposite
membranes in terms of breaking strength, as can be seen in Figure 5.8. However, increasing the
concentration of nanoparticles in the PSf polymer matrix results in improved breaking strength of
nanocomposite membranes compared to the control membrane.
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Figure 5.8. Tensile strength of TiO, Rutile and Anatase blended membranes. The dotted line
represents the tensile strength of control membrane with a standard deviation of +1.601. The
dash-dotted line is the tensile strength of support layer with a standard deviation of +1.789

By increasing the TiO; content from 0.1wt.% to 0.5wt.%, the tensile strength increases
from 21.207MPa to 22.766MPa for Rutile-modified membranes, and in the case of Anatase-
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modified membreane an increase from 21.313MPa at 23.153MPa is observed. Further increase
of nanoparticle concentrations up to 1wt.% produced different behaviors between Rutile and
Anatase blended membranes. The 1wt.% TiO2 Anatase membrane achieved the highest value of
tensile strength up to 24.298MPa, a 23.88% increase relative to control membrane. For
membrane with 1wt.% TiO. Rutile, the tensile strength value decreased to 22.534MPa.

5.1.4.4. Modulus of elasticity

The modulus of elasticity of the control membrane has a value of 424.565MPa, which is
the lowest value among the tested membranes. The most notable increases in the modulus of
elasticity compared to the control membrane were obtained by 1wt% TiO, Rutile and 1wt% TiO-
Anatase membranes with higher increases of 45,053% and 43,726%, respectively. The values of
the modulus of elasticity resulting from the uniaxial mechanical tests of the membranes are
directly proportional to the percentage of nanoparticles added to the polymer solutions.
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Figure 5.9. Modulus of elasticity of membranes with TiO, Rutile and Anatase. The dotted line
represents the modulus of elasticity of the control membrane with a standard deviation of +32.201.
The dash-dotted line represents the modulus of elasticity of the support layer with a standard
deviation of +46.169

5.1.5. Determination of total membrane performance

For a comparison of the obtained results on the studied membrane performance, six
properties of interest were selected: permeabilitaty [Lm2h?bar?], relative flux reduction [%],
retention [%], modulus of elasticity [MPa], tensile strength [MPa] and elongation at break [mm].

Due to the fact that the differences between the two types of nanoparticles are not very high,
it is quite difficult to find the optimum membrane. We consider that there is an ideal membrane with
all the parameters of the highest mark (10). Thus, the ideal area of performance of this simulated
membrane would be the total area of the hexagon. By establishing the ratio between the real area
produced by membrane performances with the ideal area, we can quantify them in performance
indices, values shown in Table 5.2.

It can be seen that the best membrane is the one modified with 0.5wt.% TiO> Rutile, the
next being obtained by the membrane with 0.5wt.% TiO, Anatase. The difference between the
two membranes is relatively small, with the Rutile membrane recording only 6.682% higher
performance compared to the Anatase membrane. However, we can conclude that a
concentration of 0.5wt.% nanoparticles of titanium dioxide, regardless of the crystalline structure,
provides the best performance for the nanocomposite membranes.
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Table 5.2. Analysis of total membrane performance resulting from
incorporation of titanium dioxide nanoparticles

Membrane Performance indice
Control 0.528
0.1wt.% TiO2 Rutile 0.765
0.5wt.% TiO; Rutile 0.926
1wt.% TiO2 Rutile 0.850
0.1wt.% TiO2 Anatase 0.725
0.5wt.% TiO2 Anatase 0.868
1wt.% TiO2 Anatase 0.833

5.2. Determination of membrane properties resulting from blending of zinc oxide
nanomaterials of different forms

5.2.1. Permeation tests
5.2.1.2. The permeability of the studied membranes

As can be seen, the lowest permeability is obtained by the control membrane, with a
value of 14.6L m2h1bar!. Membranes blended with zinc oxide nanowires produces an increase
in permeability of 89.16%, while nanoparticle-modified membranes exert an increase in
permeability by 207.19% higher than the control membrane.
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Figure 5.12. Permeability of control membrane and membranes blended with zinc oxide
nanoparticles and nanowires

5.2.2. The retention capacity of the studied membranes

Modification of the membrane by addition of nanowires produced an increase in retention
of 5.11% and in the case of ZnO nanoparticle blended membrane, an increase in retention of
5.68% was achieved compared to the control membrane.
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Figure 5.13. Congo Red dye retention of control and nanocomposite membranes modified
with zinc oxide nanowires and nanopatrticles

5.2.3. Fouling studies of the resulted membranes
5.2.3.1. Relative flux

In Figure 5.14, it can be seen that the control membrane is more prone to fouling compared
to nanocomposite membranes. Due to the hydrophobic character of the control membrane, it is easy
to understand that during the Congo Red dye filtration, the contaminant creates a dye-polymer
hydrophobic bond. Increasing the hydrophilicity of nanocomposite membranes, as well as changes
in roughness, have led to an improvement in their fouling resistance.
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Figure 5.14. Fouling studies by calculating the relative fluxes of the control and
nanocomposite membranes with 0.5 wt% zinc oxide nanowires and nanoparticles

5.2.3.2. Relative flux reduction

It can be noticed that due to the less hydrophilic nature, the control membrane exhibits
the highest fouling, whereas the tendency to fouling decreases due to the presence of
nanomaterials on the surface of the membranes.

These nanomaterials that were added to the polymer solution produced two major
changes following the phase inversion: it reduced the contact angle and the surface roughness of
the membranes. These are considered important factors in the attempt to minimize membrane
fouling.
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Figure 5.15. Relative flux reductions of control membrane and nanocomposite membranes
with addition of zinc oxide nanowires and nanoparticles after Congo Red dye retention tests

5.2.4. Mechanical properties of the studied membranes
5.2.4.2. Elongation at break and tensile strength

As can be seen in Figure 5.17, the elongation at break of the nanoparticle modified-
membranes produced an increase from 28.879mm (control membrane) to 31.318mm.
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Figure 5.17. Elongation at break of the Figure 5.18. The tensile strength of the
control and zinc oxide nanoparticles and control and zinc oxide nanoparticles and

nanowires modified membranes. The dotted nanowires modified membranes. The dotted
line is the elongation at break of the support line is the tensile strength of the support layer
layer with a standard deviation of +1.258 with a standard deviation of:+1,789

The dimension differences (especially in length) between nanoparticles and nanowires
are responsible for the distinct results in mechanical properties of the formed membranes. Larger
lengths of nanowires provide greater linkages between nanowire and polymer chains, meaning
that the transfer of energy from the polymer to nanowires is higher and the elongation is
unchanged. In the case of nanopatrticles, the associated membranes exhibit a higher elongation,
which means they absorb the energy produced by mechanical traction but also produce a larger
plastic deformation without breaking the sample. Increasing the tensile strength (Figure 5.18) of
the 0.5wt.% ZnO nanowire addition membranes can be explained by a good transfer of
mechanical stress from the polymer matrix to nanowires, and due to their high length (300nm),
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these can lead to a distribution of much more uniform stress, which can minimize the emergence
of high stress areas [279]. The balance between breaking strength and elongation at break is
achieved by the addition of zinc oxide nanoparticles.

5.2.4.3. Modulus of elasticity
The good compatibility between the nanowire and the polymeric matrix resulted in the
formation of a membrane with the best mechanical properties.
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Figure 5.19. The modulus of elasticity of the control membrane and those with addition of

zinc oxide nanowires and nanoparticles. The dotted line represents the modulus of elasticity
of the support layer with a standard deviation of +46.169

The highest modulus of elasticity was obtained by the membrane with addition of 0.5wt.%
ZnO nanowire, with a 68.85% increase over the control membrane and 22.02% higher relative to
the membrane with the addition of zinc oxide nanopatrticles.

5.2.5. Determination of total membrane performance

Table 5.4 shows the ratios between the real areas produced by membrane performances
and the ideal performance area. The calculated indices confirmed that the addition of 0.5wt.% of
ZnO nanoparticles in the polymer solution produced the highest performance membrane, showing
an increase of 84.689% than the pure membrane and 29.133% compared to the membrane by
0.5wt% ZnO nanowires. Due to the smaller size and the larger active surface, the zinc oxide
nanoparticles have positively influenced the overall properties of the membranes.

Table 5.4. Membrane performance index of control membranes and modified membranes by addition of
zinc oxide nanowires and nanoparticles

Membrane Performance indice
Control 0.516
0.5wt.% ZnO Nanowires 0.738
0.5wt.% ZnO Nanoparticles 0.953

5.3. Analysis of the influence of zinc oxide nanoparticle size on membrane properties

5.3.1. Permeation tests of the studied membranes
5.3.1.2. The permeability of the studied membranes

Figure 5.22 shows the permeability values of the studied membranes. The lowest value was
obtained by the control membrane, 14.6Lm?h'bar!. The lowest influence on nanocomposite
membranes was induced by 100nm zinc oxide nanoparticles, recording a maximum increase of
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97.95% for membranes with 0.5wt.% ZnO 100nm. The membrane with 0.5wt.% ZnO 50nm achieved
the highest increase of approximately 207% compared to the control membrane. Decrease in
nanopatrticle size from 50nm to 14nm resulted in lower permeability, membranes with 25nm and 14nm
ZnO nanoparticles showed an increase in permeability of only 133.56% and 120.55%, respectively.
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Figure 5.22. Permeabilities of the control membrane and membranes with the addition of
nanoparticles of different sizes and concentrations. The dotted line represents the
permeability of the control membrane with a standard deviation of £3.387

5.3.2. Congo Red dye degree of retention

The control membrane recorded a retention of 92.34%, being the lowest value among
the membranes studied.
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Figure 5.23. Congo Red dye retention of the control membrane and membranes with the addition
of nanoparticles of different sizes and concentrations. The dotted line represents the degree of
retention achieved by the control membrane with a standard deviation of +2,877

The degree of retention increases with the concentration of zinc oxide nanoparticles.
Although inclusion of a 1wt.% ZnO nanoparticle concentration resulted in a decrease in
permeability and distilled water flux compared to 0.5wt.% ZnO modified membranes, in Congo
Red Dye retention tests, higher concentration nanoparticles show the highest values. The 1wt%
ZnO 50nm membrane produced a 98.93% retention, which is classified as the highest retention

membrane. The 25nm and 14nm ZnO membranes showed a lower retention rate than ZnO 50nm
modified membranes.
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5.3.3. Study on the degree of membrane fouling

The degree of fouling of the membranes can be studied by the relative flux and relative
flux reduction methods. The first method provides information on the fouling behavior during the
Red Congo solution retention, while the second method analyzes the percentage of the fouling
produced at the end of the dye filtration.

5.3.3.1. Relative flux

A high relative flux can be understood as the ability of the membrane to better resist
fouling. Decrease in relative flux is an increase in membrane fouling. The control membrane
exhibited the lowest resistance to fouling due to the high absorption of the contaminant on the
polymer. The presence of nanoparticles has led to better control of the fouling. Considering the
investigation of the influence of zinc oxide nanoparticle concentrations, relative flux increases up
to 0.5wt.% ZnO (Figure 5.24.b) is observed. An increase in fouling at the concentration of 1% by
weight of the nanoparticles added to the membranes (Figure 5.24.c) is governed by the increase
in surface roughness even if contact angles were lower than the membranes with concentrations
of 0.1wt% and 0.5wt%.
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Figure 5.24. Membrane fouling study by the relative flow method of the control membrane
and nanoparticle blended membranes of different sizes and concentrations of 0.1wt.% (a),
0.5wt.% (b) and 1wt.% (c)

In the analysis of the fouling trend according to the nanoparticle size, it can be noticed
that the lowest fouling resistance is related to 100nm ZnO membranes, regardless of the
concentration. The nanoparticle membranes with 50nm and 25nm nanoparticles have obtained
the best results of the relative flux. The hierarchy of nanoparticles depending on the positive
influence of their size on the membranes is the order of Onm (control membrane) <100nm <14nm
<50nm <25nm.

5.3.3.2. Relative flux reduction

Membranes with the addition of 100nm nanoparticles showed the highest degree of
fouling, with a relative flux reduction of 45.445%, these values are shown in Figure 5.25.
Decreasing the size of the nanoparticles led to a decrease in the fouling trend, the smallest value
being recorded by the membrane with addition of 0.5wt.% ZnO 25nm, ie 27.631%. Relative flux
reduction is higher for membranes with 1wt.% addition and can be correlated with increased
surface roughness.
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Relative flux reduction [%]

Figure 5.25. Study of the fouling degree by relative flux reduction method of membranes with
addition of ZnO nanopatrticles of different sizes and concentrations. The dotted line represents
the relative flux reduction for the control membrane with deviation standard of £1.968
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5.3.4. Mechanical properties of the studied membranes

Mechanical parameters such as tensile strength, elongation at break and modulus of
elasticity provide useful predictions on membrane capabilities to withstand tensile stresses, plastic
deformations and resistance to dimensional changes that will occur in industrial applications under
harsh operating conditions [138]. Although these parameters are not directly correlated with permeate
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flux or retention, they have proven to be of valuable over long membrane stresses [422].

5.3.4.2. Elongation at break
The largest elongation is attributed to the membrane with 0.5wt.% ZnO 50nm.

Elongation at break [mm]

Figure 5.27. Elongation at break of membranes with the addition of ZnO nanopatrticles of
different sizes and concentrations. The dotted line represents the elongation at break of the
control membrane with a standard deviation of £3,961. The dash-dotted line is the elongation

The elongation at break produced by 0.1wt% and 0.5wt% zinc oxide nanopatrticles and sizes
of 25nm and 14nm differs from the control membrane, these behaviors being interdependent with the
relatively weak bond between the polymer matrix and nanoparticles. Addition of 1wt.% ZnO 25nm
and 14nm in the polymeric matrix resulted in elongation below that characteristic of the control
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membrane. This decline can be caused by the appearance of defects in the membrane structure
produced by nanopatrticle agglomerations observed in SEM surface images.

5.3.4.3. Tensile strength

Higher compatibility between 50nm and 25nm nanopatrticles with the polymeric matrix
has led to a strong link, resulting in the need for more energy to break the bonds between ZnO
and PSf, leading to improved mechanical properties. For membranes with 50nm ZnO addition,
the tensile strength increases for nanocomposite membranes to a concentration of 0.5wt.%,
followed by a decrease in membrane rupture resistance by 1wt% ZnO. Also, the most pronounced
decline in breaking strength was for membranes with 14nm ZnO and 1wt% concentration.
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Figure 5.28. The tensile strengths of membranes with the addition of zinc oxide nanoparticles
of different sizes and concentrations. The dotted line represents the breaking resistance of
the control membrane with a standard deviation of +1.601. The dash-dotted line is the
breaking strength of the support layer with a standard deviation of + 1.789

5.3.4.4. Modulus of elasticity

It can be noticed that in the case of membranes modified by high nanoparticle size
(100nm and 50nm), the modulus of elasticity increases with the present concentration in the
membrane matrix
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Figura 5.29. Modulus of elasticity of membranes with the addition of zinc oxide nanoparticles
of different sizes and concentrations. The dotted line represents the modulus of elasticity of
the control membrane with a standard deviation of + 32.201. The dash-dotted line represents
the modulus of elasticity of the support layer with a standard deviation of + 46.169
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5.3.5. Determination of total membrane performance

Analyzing the performance coefficients of the studied membranes, the 0.5 wt.% ZnO
50nm addition membranes show the highest performance index, which means that nanoparticles
measuring 50nm have a positive impact on membrane properties.

Table 5.6. The membrane performance index based on the
concentration and size of the zinc oxide nanoparticles

Membrane Performance indice

Contrl 0.491
0.1wt.% ZnO 100nm 0.623
0.5wt.% ZnO 100nm 0.702
1wt.% ZnO 100nm 0.689
0.1wt.% ZnO 50nm 0.730
0.5wt.% ZnO 50nm 0.966
1wt.% ZnO 50nm 0.834
0.1wt.% ZnO 25nm 0.831
0.5wt.% ZnO 25nm 0.875
1wt.% ZnO 25nm 0.779
0.1wt.% ZnO 14nm 0.771
0.5wt.% ZnO 14nm 0.775
1wt.% ZnO 14nm 0.709

5.4. Partial conclusions

Embedding TiO2 and ZnO nanoparticles and ZnO nanowires in the polymer solution
resulted in the production of nanocomposite membranes with superior pure membrane properties.
All studied nanomaterials (Nanoparticles of TiO, Rutile and Anatase, Zinc Oxide Nanowires and
Nanoparticles, 100nm, 50nm, 25nm and 14nm zinc oxide nanoparticles) have shown maximum
potential at a concentration of 0.5wt% added to the solution polymer for membrane formation.
Increasing the concentration to 1wt.% In the membrane matrix led to a decrease in performance,
the unitary agreement in the membrane domain of this phenomenon being attributed to the
blocking of pores with nanomaterials or clusters of nanomaterials.

From the general performance analyzes performed in this study on the influence of
inclusions of 0.1wt.%, 0.5wt.% And 1wt.% TiO, Rutile and Anatase, it was determined that the
0.5 wt.% TiO, Rutile addition membrane showed an improvement superior to the rest of the
membranes. Although the membranes with nanoparticles with Rutile crystalline structure showed
high performance, the difference is still very small, ie about 6% higher than the modified
membranes by the addition of TiO, Anatase nanopatrticles.

The best-performing membrane was the nanoparticle addition, showing a higher
optimization of 84.689% than the pure membrane and 29.133% higher compared to the
membrane with 0.5wt% ZnO nanofire.

The most important parameter in the study of the influence of nanoparticles on
membrane property is the choice of the optimum size of ZnO. After incorporation of nanoparticles
of different sizes (100nm, 50nm, 25nm and 14nm) membranes with different structural and
performance properties were formed compared to the reference membrane. Following the
determination of the best membrane in terms of concentration and size of the embedded
nanoparticles, by calculating the performance index, it was found that a concentration of 0.5wt.%
and nanoparticle size of 50nm resulted in the formation of a nanocomposite membrane with the
best performance compared to the rest of the studied membranes.

39



Pintilie Stefan Catalin Chapter VI. Final conclusions,

The influence of nanoparticle type and size on the composite personal contributions and new
polymeric membranes used in wastewater treatment research direction
CHAPTER VI

FINAL CONCLUSIONS, PERSONAL CONTRIBUTIONS AND NEW RESEARCH
DIRECTION

6.1. Final conclusions

In this research thesis | studied the influence of some parameters of fabrication of
nanocomposite membranes destined for wastewater treatment, membrane characterization from
morphological and structural point of view, as well as determination of permeation properties,
fouling control and study of mechanical properties.

The membranes of this study were obtained by the phase inversion technique by immersion
of thin films of polymeric solutions into the coagulation bath composed of distilled water. The polymeric
solutions consisted of 1:3 ratios of PSF:NMP mixture. The parameters of interest of this study used
to modify the membranes were the addition of TiO, nanopatrticles with different crystalline structures
(Rutile, Anatase) and concentrations (0.1wt%, 0.5wt% and 1wt.%), shape of ZnO nanomaterial
(nanowires, nanoparticles) and variation in the size of the zinc oxide nanoparticles (100nm, 50nm,
25nm and 14nm) with different concentrations (0.1wt%, 0.5wt% and 1wt%).

As a general conclusion, the performance of nanocomposite membranes was dependent
on the nanoparticle concentration that was incorporated in the polymeric matrices. In the case of
permeability, distilled water flux and fouling rate, it was experimentally determined that their value
increased to a concentration of 0.5wt.% nanoparticles, and at concentrations of 1wt.%, their
tendencies were decreasing.

I. Following the modification of the membranes by the addition of titanium dioxide
nanoparticles with the crystalline structures of Rutile and Anatase, the following conclusions can
be drawn:

1. Substantial structural changes were observed, most notably the increase in pore
number and decrease in their size, and increased porosity in the modified membrane section,
also. These characteristics were correlated with increasing permeability and water flux of
nanocomposite membranes compared to the control membrane.

2. The retention percentage of Congo Red dye reached by nanocomposite membranes
was over 95%, its value being directly proportional to the mass percentage of the nanopatrticles
blended in the membranes, as confirmed by the SEM micrographs. Differences in nanoparticle
crystalline structures in membrane performance were not significant.

3. Mechanical tests have shown a positive impact of nanoparticles on membrane
integrity. All nanocomposite membranes showed superior mechanical properties than the control
membrane. From the nanoparticle crystalline structure point of view, TiO, Anatase membranes
have been found to have the highest tensile strength and elongation at break. The modulus of
elasticity and compaction degree did not show pronounced differences between the
nanocomposite membranes.

4. From the total performance calculated for each membrane it was found that the
difference between the crystalline forms of the TiO., nanoparticles was not pronounced, the
improvement of the membranes after inclusion of 0.5wt% TiO, Rutile being 6% higher than the
membrane with 0.5wt.% TiO, Anatase.

5. It can be concluded that the role of the crystal structure in obtaining a membrane with
optimal properties can not be taken in consideration, at least when discussing about the crystalline
structures of titanium dioxide.

Il. In the study of the influence of the ZnO nanomaterial type according to its shape, the
following conclusions are highlighted:

1. The addition of zinc oxide nanoparticles and nanowires to the polymer solution
resulted in increased surface porosity of the membranes, the most pronounced being produced
by nanoparticles. The proof of these characteristics is confirmed by high water flux and
permeability values, where the nanoparticle membrane recorded a 207% flux increase compared

40



Pintilie Stefan Catalin Chapter VI. Final conclusions,
The influence of nanoparticle type and size on the composite personal contributions and new
polymeric membranes used in wastewater treatment research direction

to the control membrane, and about 55% greater than the ZnO nanowire-modified membrane.
These results are also confirmed by the calculated porosities, where porosity is directly
proportional to the flux and permeability of distilled water.

2. Dye retention increases due to the presence of nanomaterials in the membrane
structure, the most obvious being the membrane with the addition of nanoparticles.

3. From mechanical behavior analysis, it emerged that zinc oxide nanowires, used as a
membrane modification agent, resulted in the best tensile properties with superior values compared to
control membranes and the nanoparticle blended membranes.

4. The best-performing membrane was resulted from nanoparticle addition, showing an
optimization of 84.689% higher than the pure membrane and 29.133% higher compared to the
membrane with 0.5wt% ZnO nanowire.

5. Due to the large interaction between the nanoparticles and the membrane polymer
matrix we can conclude that the ideal choice for optimizing the membrane processes is by
introducing the nanoparticle form into the membrane structure.

lll. From the study of nanoparticle size influence on nanocomposite membranes, the
following conclusions were drawn:

1. The highest permeability and flux of distilled water values were obtained by the
membrane with the addition of nanoparticles with the size of 50nm and concentration of 0.5wt.%.

2. The retention percentage exceeded the 95% threshold, regardless of the
concentration or size of the nanoparticles added to membrane fabrication.

3. From the mechanical properties of the membranes, the results showed that the values
of elongation at break, breaking strength and modulus of elasticity increased in the case of the
100nm and 50nm ZnO nanoparticle blended membranes, and further decrease in nanoparticle
size led to the decline of these parameters.

4. Following the determination of the best membrane in terms of concentration and size
of the embedded nanoparticles, by calculating the performance index, it was found that a
nanoparticle concentration of 0.5wt.% and size of 50nm resulted in the formation of a membrane
nanocomposites with the best performance of the studied membranes.

6.2. Personal contributions

The analysis of the current trends regarding the evolution of research in the technology
of manufacturing nanocomposite water treatment membranes by elaborating a detailed
bibliographic study.

The approach of the present research topic was carried out within a research domain
still in development in Romania regarding the obtaining and characterization of the mixed matrix
polymeric membranes used in wastewater purification.

The main purpose of the research is to study the influence of the type and size of
nanoparticles on membranes with high concentration of polysulfone (25wt.%).

Confirmation of the role of crystalline structure of titanium dioxide nanopatrticles in the
optimization of membrane processes. The similarities of the resulting performances from the
inclusion of titanium dioxide nanoparticles with different crystalline structures in the membrane
matrix is large enough to be disregarded in membrane manufacture.

The identification of the optimal ZnO nanomaterial shape for positive modification of
membranes and analyzing their mechanical properties.

Determination of the optimal size and concentration of zinc oxide nanoparticles required
for efficiency increase of membranes with 25 wt.% polysulfone.

Choosing the range of nanoparticle concentrations to study their influence on the overall
membrane properties resulted in the identification of both the increase and the decline in
membrane performance, desirable in the rapid identification of the positive and negative
fingerprints of the nanoparticles in the polymer matrix.

The properties resulting from the carried out experiments, such as permeation, retention,
fouling and mechanical strength, were correlated with the membrane morphological, structural
and compositional characterizations.

The use of the performance index concept provides value to the studied membranes.
This membrane classification tool based on the observed performance is a precise method for
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finding the optimum membrane as well as observing the progress compared to the reference
membrane.

6.3. New research directions

The study presented in the current thesis will be directed to the next research directions:

1. Determination of membrane performance in real cases of wastewater treatment and
natural water purification;

2. Analysis permeation properties of the obtained membrane with a cross-flow filtration cell;

3. Study of the influence of other types of nanomaterials, especially the nanoparticles
that comprise the -OH group, to increase the hydrophilic character of the membrane;

4. Study of the influence of nanometric biopolymers (eg Nanocellulose) on membrane
property;

5. Determination of the influence of the studied nanomaterials in this thesis on the
properties of other polymers (eg PVDF, CA etc.) under the same manufacturing conditions;

6. Studying the influence of various special chemical cleaning solutions (NaOH, HCI,
NaOCI, Acetone, etc.) but also physical cleaning on the long-term performance of membranes
used in wastewater filtration;

7. Study of several methods of modifying nanomaterials to provide them with higher
stability in the polymer solution;

8. Study of the influence of coagulation bath composition on the membrane formation process
by using water with more degrees of purity (tap, deionized, distilled, ultra-pure);

9. Fabrication of polymeric membranes used in wastewater treatment with 3D printing
technology.
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ANNEX 1
Determination of the composition of Anatase titanium dioxide nanoparticles from the XRD

spectrum
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ANNEX 2
Determination of the composition of Rutile titanium dioxide nanoparticles from the XRD

spectrum
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