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Abstract

Currently, one of the most serious problems is tontain the water balance in terms of
quality and quantity. In recent times, membran&metogy is considered to be essential
as it ensures high water quality with low cost amgintenance of sustainable water
resources. In this work different membranes webgi€ated by electrospinning
technique. PMMA (polymethyl methacrylate) was uasd base polymer material and
the silver nanoparticles, silver nanowires or titam dioxide were incorporated into the
matrix. The aim was to produce polymeric membrareegaining nanoparticles,
fabricated by electrospinning in order to obtaia thghest bactericidal effect for water
treatment. The bactericidal effect was observedtoze kinds of membranes however,
the best results were obtained by the silver narnimb@s membrane with thi@ situ
manufacturing method. The distribution of the naartigles in this membrane resulted
more uniform, the size of the nanoparticles waslemnand the texture was the most

mechanically resistant.

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



Acknowledgments:

| would like to thank the EM3E master and Reyes IMi as a coordinator for the
opportunity of developing my scientific skills apdrticipating in the program, University of
Zaragoza, Jesus Santamaria and all the INA grouph® possibility of developing the
project, supplying all of the required devices,viaillrusta for supervising me and giving

essential advices and Ivan Moreno for help withepeipments and scientific support.

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



EN: The EM3E education programme has been fundeld support from the European
Commission. This publication reflects the viewsyoof the author, and the Commission

cannot be held responsible for any use which maynbde of the information contained

therein.Translation of this phrase in all EU languages

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



List of tables:

Table 1. CFU/100mL of water USEPA recommendation&f coli

Table 2. Advantages and disadvantages of differeamhbranes. (Where, CA: cellulose
acetate membrane, PES: polyethersulfone membr&fiéf; Rolyvinylidene fluoride
membrane, PE: phosphatidylethanolamine membran®Bngdolypropylene membrane.)

Table 3. General comparison of different membranegsses

Table 4. Final amounts of all the constituents gNAV synthesis

Table 5. Final amounts of all the constituents gNAV synthesis

Table 6. Final amounts of all the constituents gNRs in situ synthesis
Table 7. Final amounts of all the constituents i@;ISynthesis

Table 8. Concentration values of different nanapled

Table 9. Zeta potential values for NPs at theigiagl pH

Table 10. Colony forming units values of the thsespensions examined agaigstoli andS.
aureus

Table 11. Measurement parameters for different @otmations of PMMA fibers; *pump
diameter for 10ml Norm Ject syringe

Table 12. Contact angle values for electrospun mends

Table 13. List of chemicals used in the AgNP, AgQNMOD, membranes synthesis with prices
and amounts

Table 14. Total price of AQNW + PMMA membrane protion. Amounts of all the reagents
required for the synthesis were taken into account.

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



List of figures:

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

Various antimicrobial mechanisms of naatanals

The crystalline structure of titaniumydde anatase

Agar well diffusion method

Dilution bacteria test method

Cellulose Acetate Membrane (Type ST 68 p0n)

CHMLAB GROUP and Prat Dumas celluloseatesfilter papers
Diagram showing fibre formation by elesfinning

Electrospinning/electrospraying schemafith variations for different processing

outcomes

Figure 9.
Spain

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.

Microwave apparatus, CEM Discover, Institof Nanomaterials Aragon, Zaragoza,

Representative scheme of the bacteliwdbafor suspensions

Representative scheme of the pipettiethad for Petri plates

Ultraviolet lamp VL-4.LC, 365 and 254 tmbes

Ultraviolet lamp VL-4.LC, 365 and 254 tmbes

Flow nanotechnology solutions, Electnoser 2.2.D-500, INA, Zaragoza, Spain
Flow nanotechnology solutions, Electioser 2.2.D-500, INA, Zaragoza, Spain
Representative scheme of the solidebadest

Titanium dioxide membrane bacteriasester UV illumination

SEM image of Silver nanowires

TEM image of Silver nanowires

Particle size distribution of Ag nancegir

TEM image of silver nanospheres

TEM image of silver nanospheres

Particle size distribution of Ag nandjudes

TEM image of Ti©

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.

Figure 30. Linear representation of nanoparticlegensions used for producing a composite

TEM image of Ti©

Particle size distribution of THO

UV-Vis absorption spectrum of silver oaires
UV-Vis absorption spectrum of silver oparticles

UV-Vis absorption spectrum of titanidmoxide

membranes

Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.

Figure 50.

Zeta potential figure representing valiog stable and unstable solutions
Raman spectroscopy for AgNPs

Raman spectroscopy for TiO

Bacteria test of AQNWs and AgNPs agé&staphylococcus aureus
Bacteria test of AgQNWs and AgNPs agdinebli

Bacteria test of titanium dioxide suspem against S. aureus
Bacteria test of titanium dioxide suspem against E.coli

SEM image of 16%wt PMMA fibers

SEM image of 18%wt PMMA fibers

SEM image of 20%wt PMMA fibers

Fiber size distribution of 16% wt ofPMMiRers

Fiber size distribution of 18% wt ofPMMiRers

Fiber size distribution of 20% wt ofPMMiRers

SEM images of silver nanowires incorgedanto PMMA fibers
SEM images of silver nanowires incorgedanto PMMA fibers
Fiber size distribution of PMMA fiberstivAgNWs

Particle size distribution of AQNWSs ingorated into PMMA fibers
SEM images of silver nanopatrticles ipooated into PMMA fibers
SEM images of silver nanopatrticles ipooated into PMMA fibers

Fiber size distribution of PMMA fiberstivAgNPs

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.

Particle size distribution of AQNPs imparated into PMMA fibers
SEM images of titanium dioxide incorpgedainto PMMA fibers
SEM images of titanium dioxide incorpgedainto PMMA fibers
Fiber size distribution of PMMA fiberstivTiO,

Particle size distribution of Ti@corporated into PMMA fibers
UV-Vis absorption spectrum of AgNWs/PMNhembrane
UV-Vis absorption spectrum of AgNPs/PKNkhembrane
UV-Vis absorption spectrum of BIBMMA membrane
Percentage loss of a AQNP + PMMA mendran

Percentage loss of a AQNW + PMMA meméran

Percentage loss of a THFOPMMA membrane

Raman spectroscopy for silver nanopeastieicorporated into PMMA fibers

Figures 63. Raman spectroscopy for Jidcorporated into PMMA fibers

Figure 64.

Bacteria test of silver nanoparticlesnmene against S. aureus

Figure 65. Visual representation of a AQNWs + PMIglActrospun membrane and setup
filtration with the membrane inside the filter hetd

Figure 66. Visual representation of a AQNWs + PMIglActrospun membrane and setup
filtration with the membrane inside the filter hetd

Figure 67.

Graphic representation of flux of AQNWAHHA membrane with the maximum

flux equal to 3,74 [ml/sec]

Figure 68.

Graphic representation of flux of AQNRMRA membrane with the maximum

flux equal to 10 [ml/sec]

Figure 69.

Graphic representation of flux of H®MMA membrane with the maximum flux

equal to 10 [ml/sec]

Figure 70.

Graphic representation of flux of comoredrchmlab group membrane with the

maximum flux equal to 1,88 [ml/sec]

Figure 71.

UV-VIS absorption spectrum of the membren the water solution

Figure 72. An example of a contact angles measurtnod water drop on a lotus leaf

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



Table of content:

LiSt Of tabIleS. ..o i B
LISt OF fIQUIES ... e e e e e 6
L. INtrOAUCHION. .. e e e e e 1

1.1. Silver NnanopartiCleS. ......ovvie i e e 12

1.2, TiG NANOPAITICIES. .. e e e e e e e e e e 13
1.3. Nanopatrticles synthesis-literature review..........ccecceee i iiiiiiiiiiinnnnnn. 14
- Tod (=] = 16
1.5. Commercial membranes COmMPariSON.........ooeereeeee e e ieienee e s comernm s 19
1.5.1. Cellulose acetate membrane.............covii i e 20
1.6. ElECtrOSPINNING ... et ittt e e e e e e e e e et e e e e e et e e 21
2. EXperimental SECHON. .. ..o i e e e e 23
2.1. Nanoparticles SyNthesis. .. .......oiv i e e e e 23
2.1.1. Silver nanowires (AgNWS) Synthesis...........cccooviiiiiiiiiiie i e, 23
2.1.2. Silver nanoparticles (AgNPS) synthesis.............ccoovviiiiiiii e 24

2.1.2.1. In situ silver nanoparticles synthesis...... . vccvcniinn ... 25
2.1.3. Titanium dioxide (TiQ) nanoparticles synthesis..............................25

2.2. Bacteria test for SUSPENSIONS.........uiuiieiie it ie e e e e eaem e eens 26
2.3, ElECrOSPINNING. ...t et e et e e e e e e e e e e e 28
2.3.1. Control sample preparation...........c.oceveiieiieiie e e 28
2.3.2. AgNWs/PMMA solution preparation............cccceeveevevviveeienennnn....30
2.3.3. AgNPs/PMMA solution preparation..............ccoeveevievievnvenieniennn. 31
2.3.4. TiOo/PMMA solution preparation..........o..veeee et eieee e e eeieeeen 32

2.4. Membrane bacteriatest...... ..o v B2,

3. ResUults and diSCUSSION ... ..o ein et e e e e et e e et e 33

3.1. Characterization of nanoparticles..............ccccoiiiiiiii i i e e e 34
3.1.1. Microscopy and diameter distribution examination...................... 35
3.1.2. UV-ViSIDIE SPECIIOSCOPY . ettt it et et et e e e e e eaeaens 37
3.1.3. Concentration measurement by microbalance........................... 38

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



3.1.4. Zeta-potential..........oouieiie i
3.1.5. RAMAN SPECIIOSCOPY ... tut ittt et et ettt e e et et et e e e eaens 40
3.1.6. Bacteria teSting......c.ovui it it 41
3.2. Membrane charaCterization.............o.uveiie it e 43.
3.2.1. Electrospinning ParametersS..........ouuie et ae e e e ie e eaaeene 44
3.2.2. Microscopy and diameter distribution examination...................... 44

3.2.3. UV-ViSIDIE SPECIIOSCOPY . vt ettt et et et et et e e e e e e eaeaens
2 I
3.2.5. RAMAN SPECITOSCOPY ...« ueeetatinaeaee et et e eee et e e ae e e eaeee e eeenns
3.2.6. BACIEIA tEST. ... ettt et e e e e e
3.2.7. Mechanical reSIStanCe..........vuiii i e e e e
3.2.7.1.Nanoparticles stability in the membrane...... oo
3.2.8. CoNtaCt @NgIe. ... .ottt
S o] o ol 11 11 o] o 1RO PP

5. Bibliography.......c.ooeoiiiii i e ne DT

6. Appendix 1: Cost eStMatioN.......co.ve ittt e 61

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



1. Introduction

The Nobel Laureate Richard P. Feynmann on tffed®®ecember 1959 at the California
Institute of Technology gave a lecture at the ahmmeeting of the American Physical
Society. The title of the lecture was: “There’smieof room at the bottom”, and it became
the beginning of the modern science called nanatolgy [1]. Nanotechnology is any
technology made on the scale of “nano” which hatiqudar applications in the real world. It
includes the production and applications of systemshe range of individual atoms or
molecules [1]. Nanomaterials show peculiar anded#fit physical, biological and chemical
properties compared to their bulk counterpartstdube small size [2]. They possess special
features such as high reactivity, sizes in the eamfgnanometers (0m), and high ratio of
surface area to mass [3]. Nanoparticles (NPs) lheen efficiently used in chronic disease
diagnostics, in pharmaceutical and medical nanoeging for drug delivery, in clothing and
in the food industry in order to limit bacterialogvth [3].

Water is one of the most important resources fandmu beings. With the development of
industry, water pollution is becoming more considiée. Fortunately, membrane separation is
one of the most efficient methods to remove thdamimations from water, whose properties
of porosity, surface charge, hydrophilic/hydroplwbature etc. play a vital role in filtration.
Among them, electrospun three dimension (3D) porasofibrous filtering membrane has
received considerable attention due to their highogity, good interconnectivity, and high
specific surface area. Nanocomposite polymericdiltan incorporate impressive functional

characteristics of nanoparticles with the simpletlsgsis and low cost advantages of polymer.

The aim of the project was synthesizing nanopadicf{Ag and TiQ) in the form of
suspensions, and producing a composite membransistog of polymer fibers and
nanoparticles by electrospinning process. Polymanofibers produced from polymer
solutions by electrospinning possess unique prigsesuch as high porosity and high surface
area to volume ratio [4]. These novel physical ahdmical characteristics lead composite

membranes to various potential applications, paleity of the water purification.

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



1.1. Silver nanoparticles

In recent years, with the development of a modeediamne, silver became emphasized as
an excellent bactericidal agent. It was discovéhed silver nitrate kills bacteria and because
of that it enhances wound healing [5]. Due to tighheactivity connected with the large
surface to volume ratio, silver nanomaterials hamesssential role in stopping the bacterial
growth. What is more AgNPs possess broad varietgtloér applications such as excellent
optoelectronic properties for diagnosis and imagibggewise Silver Nano (Silver Nano
Health System) is a trademark name of a bactetitgtdnology which uses AgNPs in air
conditioners, refrigerators, washing machines, uateleaners and air purifiries introduced
by Samsung in April 2003. Silver nanoparticles al®o used in the interaction with HIV
which was demonstrated by Elechiguerra. It is aangde of an excellent targeting the

surface of certain cell types or specific areas [7]

The bactericidal activity of AgNPs is strictly caruted with their size. The smaller the
dimension of nanoparticles the stronger the bautal effect because tharger the surface

area available for interactiof].

It is crucial to explain the working

Cell membrane/wall

DNA damage mechanism of AgNPs to understand their
Cell membrane

Nucleus
Protein ; X
; ¢
disruption Oxidized | {
\ ~ cellular component | opL (W
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bactericidal effect. The antibacterial

\
'
'

properties of silver nanoparticles are

connected with their slow oxidation and

Raloasa o liberation of Ag ions to the environment

heavy metal ions

which simply means the reduction of Ag

ROS production
Interrupted transmembrane

electron transport

ions into elemental Ag in the form of
nanoparticles.

Fig. 1 Various antimicrobial mechanisms of nanomalke [6]

Moreover, the small size of these particles is oasfple for easiness in penetration through
cell membranes to affect intracellular process frioside. It is responsible for membrane

damage and death of the organism [2]. Nanopartiolag also go deeply inside the cell and
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interact with phosphorous and sulfur which are @mésn compounds such as DNA and
proteins and may cause damages [7]. Nowadays, &ie amd most important problems that
scientists have to face are developments of maltplig resistance bacteria due to the use of
commercial antimicrobial drugs usually used in itifectious diseases treatment. Commonly
used antibiotics are sometimes connected withgileeactions or may be toxic and irritant
[8], that is the reason why silver nanoparticleayphn alternative role in the diseases
treatment. However, essential property of silvethat in small concentrations it is safe for
human cells but lethal for the majority of virusexl bacteria and because of that it is widely
used in water disinfection [7]. On the other haheéye is a high concern about the toxicity of
AgNPs and probable sub lethal effects on human.tdkie effect of the silver nanoparticles
occurs at concentrations of g mL* while the antimicrobial activity takes place at
concentrations which are much lower, starting fidipg mL™*. However, it has to be taken
into account that the toxicity of silver nanopdgscdepends on nanosilver particle size, form,

coatings and different experimental design [9].

Silver nanowires (AgNWSs), which are one dimensiortatlic structures, are commonly
bigger than silver nanoparticles, that is why tlen be observed even by the optical
microscope. What is more, they have also lowerdrmidal effect, but from the other hand
they possess high electrical and thermal condaietsvi Thanks to these peculiar properties
silver nanowires gained an attention for many aagilbns, such as: photonic crystals, optical

polarizers, and surface enhanced Raman scattSHEgS) [1].

1.2. TiO, nanoparticles

Since 1970s, with the discovery of titanium dioxetocatalytical process, the use of it
in order to destroy organic compounds from contaieich air or water became of high interest
[10]. Nanocrystalline titanium dioxide exists inreéle polymorphic phases: anatase, brookite
and rutile. Anatase is found as small and sharptaly and its crystalline structure can be
prepared in the laboratory by chemical methodsexample by sol-gel method. Among all of
the three mentioned crystalline structures, andtasethe highest photocatalytic activity and
therefore it possesses an antimicrobial functignT8is activity is connected with its lattice

structure. Each titanium atom is connected to gygen atoms in anatase tetragonal unit cell.
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The titanium and oxygen atoms are less tightly pdckhe octahedron is disorted so its
symmetry is lower than orthorhombic as in the aafsi®r instance rutile. Each octahedron is
in contact with eight neighbors (four sharing amednd four sharing a corner). Such a
differences in lattice structures result in diffgrenass densities and electronic band structures
[11]. Anatase titanium dioxide is commonly usedtlas semiconductor for dye-sensitized
solar cells. The photocatalysis working principse donnected with the light falling on a
semiconductor with an appropriate bandgap (or gnéifterence between the conduction and
the valence bands). It creates positive and negaharge carriers represented by holes in the
case of positive charge and electrons in the chsegative charge carriers. They can be used

to initiate reduction (electrons) and oxidationl@®) reactions at the catalytic surface.

titanium(Iv) oxide However, positively charged holes and
negatively charged electrons have a
-|-| tendency to recombine in order to achieve
neutral state, through reemission of a photon
(light) or a phonon (heat). Nanoparticles
provide the optimal balance between these
two effects and due to this fact they are the
Fig. 2. The crystalline structure of titanium didei best for photocatalysis [11].

anatase [12]
Lately, TiO, photocatalysts have gained an attention as mkstersed in the cleaning of the

environment. llluminated Ti® photocatalysts breakdown organic compounds thaoks
oxidation, with holes (f) created in the valence band and with hydroxylicald (OH)

produced by the water oxidation. This particulantpleatalytic oxidation produces damage of
microorganisms, which consists of organic compouwssisvell [13]. Nevertheless, there are

some doubts about real bactericidal agents. Dutlveg photocatalytic reaction there are
several other active oxygen species than @eherated, e.g. hydrogen peroxide@h),

superoxide anion () and perhydroxyl radical (HOD Even if hydroxyl radical is 14

considered to be the primary agent in the photbdatabactericidal effect, the recent
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experiments prove that hydrogen peroxide is thenraatibacterial agent due to the fact that it

is produced at reduction and oxidation sites ofpihe@tocatalysis [13].

1.3. Nanoparticles synthesis-literature review

Silver nanoparticles might be produced using wvarief methods: laser ablation,
electrochemical method, thermal decomposition, owave irradiation and sono-chemical
synthesis. Chemical and physical methods produce pund well-defined nanoparticles,
however it is important to take into account safetyl ecology during the preparation [2].
One of the example of a method producing NPs ire@mnfriendly manner is to develop a
green synthesis using biological organisms suamiasorganisms, plant extract or biomass
[2]. Among all of these methods, laser ablation armmical reduction are the most
commonly employed synthetic examples. Metal narnapes exhibit a surface Plasmon
resonance absorption band in the region of UV-\UBréviolet visible spectra). The free
electrons give rise to the surface plasma bandché donduction band due to the small
nanoparticles size. The displace of these bandsaneference on the chemical surrounding,
particle size, adsorbed species and dielectrictaoh§l4]. In the chemical reduction methods
the silver nanoparticles exhibit a yellowish-brownolour in liquid solution due to the
excitation of surface plasmon vibrations. The fatiora of AgNPs is due to hydrophilic-
hydrophobic interactions resulting in the interncollar force. In this method, there is
reduction of metal salt like silver nitrate in gopeopriate medium using reducing agents like
citrate, borohydride etc [7]. This method was thesen one in the project due to the low
cost, ease of fabrication and low time consumpfidre method required some experience so

many trials had to be done before obtained reswdts adequate and satisfactory.

However, apart from experience required, thex-situ” method does not ensure the
monodispersity over a large scale. In thresitu” approach, the nanoparticles are generated
in the polymer matrices that possess better digpecharacteristic. In situ fabrication gained
lots of interests not only due to the good dismersbility but also due to the connection
between organic and inorganic systems which leadthé new, unique properties. The
method ensures also better polymer-particles iotieraand it reduces the time of membrane

fabrication because it is only a one step prodesthis one step approach the metal with zero
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charge (M) is generated either by the direct reduction @f thetal source, salt or another
complex, or by the reduction of metal ions by gatest intermediates, such as radicals [15].
This method was used in the electrospun membrdmeddion due to the overcoming of the
common problems connected with agglomeration of Rghhigh viscosity of PMMA which
made it difficult to disperse NPs in the uniformywdn the following experiment metal
nanoparticles were reduced inside the polymer matljN-dimethyl formamide (DMF) was
chosen as a reducing agent. The polymerization iAMnonomers and reduction of silver

ions occurred simultaneously which lead to the ftron of Ag/PMMA nanocomposites [16].

TiO, might be synthesized by variety of different methcuch as: chloride process, sulfate
process, coprecipitation, impregnation, hydrothérmathod, sol-gel method etc. Sol-gel
method became one of the most suitable way forhegiing variety of different metal
oxides due to the low processing temperaturesclost and ease of fabrication. This process
involves the transformation from a liquid state I"sinto a solid phase “gel’. The
homogeneity of the solid phase depends on a caufpfactors such as: the solubility of
reagents in the solvent, the temperature, pH amde¢lquence of addition of reactants [11]. In
the case of anatase titanium dioxide photocatalgtimcess, which was described in the
previous sections, switching to more ecologicakrfdly and sustainable methods and
technologies, became of high importance in receats; However, the main limitation of this
photocatalyst is that under the visible light cdiodi it does no longer have photocatalytic
activity [17]. In order to avoid this problem thelgtion might be doping titanium by Nd
(Neodymium) or other element with absorption in tt&ble range. Materials of Nd-doped
titania which are prepared by mild microwave-assigirotocol possess excellent activities in
the photodegradation of water impurity [17].

1.4. Bacteria

The main application of the fabricated membrané lvélpurifying fresh or drinking water
from bacteria, mainlstaphylococcus aureandEscherichia coli Bacteria are a large group
of prokaryotic microorganisms, usually with few mumeters length. The main bacteria
division is connected with retaining the crystallet dye in the Gram staining protocol. Gram

positive bacteria retain crystal violet dye whhe tGram negative do not [18taphylococcus
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aureusis the example of Gram positive bacteria and mlggtfound in the soil and other
environmental areas and can simply contaminatevthend. It can also be taken into account
that S. aureusin drinking water may be a source for colonizingsidents exposed to
contaminated water [19]. While tliescherichia colis the example of Gram negative bacteria
and can be found in the gastrointestinal systerthefhuman body [10]. There are many
sources oE. coli contamination, mainly intestinal tracts of humand ather warm-blooded
animals such as livestock and wildlife. If the cemication of bacteria in a fresh water is
higher than the standard numbers there is a hgghafi being affected with diarrhea, fewer,
chest pain or hepatitis. According to USEPA (Unit8tates Environmental Protection
Agency) recommendations, some set of agreementsected with thée. coli CFU must be

obeyed in the fresh water reservoirs [20].

Designated| Moderate Light Infrequent

swimming | swimming area | swimming area | swimming area

E. coli (CFU/200mL | 235 298 410 576

of water)

Table. 1 CFU/100mL of water USEPA recommendati@n&f coli[20]

E. coliis a major drinking water indicator proving thaater is contaminated by for example
human or animal wastes. According to European Usidrinking water standards with the
Council Directive 98/83/EC on the quality of watetended for human consumption the

amount oft. coliin the 250 mL of water should be equal to 0 [21].

Antibacterial effect of water filtering membranegamst Gram negative and Gram positive
bacteria became of high importance. In order tov@rthe bactericidal properties of
nanoparticles, various bactericidal tests mighttdéleen into account. The most popular
method for determination the antibacterial activdf/ various suspensions is agar well
diffusion method. The zone of inhibition is examdnevhich should appear as a clear area
around the wells [2]. It was reported that the tgeghe zone of inhibition the greater the
bactericidal effect of the suspension. Moreovdvesinanoparticles have higher influence on {5
Gram-negative than on Gram-positive bacteria. Qutime treatment by silver ions, DNA

loses its replication ability, expression of ribosa subunit proteins and some other cellular
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proteins and enzymes which are crucial to the ol of ATP (Adenosine triphosphate)
[2]. The inhibition of bacterial growth is depentlem the concentration of AgNPs in the
medium [2]. Generally, larger zones are connectétl the smaller Minimum Inhibitory
concentration (MIC) of antibiotic for that bactanuMIC is the lowest concentration of an
antimicrobial that will stop the growth of bactemdich is visible for a naked eye after 24
hours incubation [18]. Another important bactergstt parameter is Colony-forming unit
(CFU) which is an estimate number of viable baateri fungi. The units of this number are
CFU/ml (colony-forming units per milliliter) or CHd (colony forming units per gram) in the
case of solids [18].

Growth

Antimicrobial
disk

Zone of
inhibition
{no growth)

Use a ruler with a nan
if calipers are unavailable

Fig. 3 Agar well diffusion method [22-23]

However, more important, accurate and
reliable method is dilution bacteria test.
The procedure consists of cultivating the
bacteria and keeping them in the oven for
24 hours and next, serial dilutions of the
suspension starting from 2CFU/mI are

prepared. The last step is transferring the

solution into Petri plates filled with Agar

Fig. 4. Dilution bacteria test method solution and incubating for 24 hours in

the oven once more. The results are
examined by visual counting the grown 18
of colony on a Petri plate [24].
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1.5. Commercial membranes comparison

Nowadays, population explosion and industrial @i¢is became responsible for large

water resources consumption and water pollutiona&snsequence, one of the most serious

problem and issue is to sustain water balancegnmg of quantity and quality. Membrane

technology is recently regarded as essential sineesures plenty of high grade water with

low cost and the maintenance of sustainable wasaurces [25]. The figure below presents

advantages and disadvantages of different membemoesding to the material they are made

of. Table 3 presents major membrane module desijns clearly visible that some

characteristic features of membrane, like costistasce to fouling, packing density etc.,

highly depends on the membrane module.

In the designed test the experimentally obtairledt®spun membranes were compared to

the commercial cellulose acetate membranes in tefrasd mechanical resistance.

Figure 3: Pros and Cons of Different Membranes

CA

good permeability and rejection characteristics

susceptible to hydrolysis

limited pH resistance

chlorine tolerant and fouling resistant

PES, PVDF (PS, PAN)

ability to modify properties through polymer blend

good strength and permeability

PVDF best for flexibility, and use with air scour

PES best for polymer blending and UF rating

PE, PP

susceptible to oxidation

limited blend capability

Table 2. Advantages and
disadvantages of different
membranes. (Where, CA:
cellulose acetate
membrane, PES:
polyethersulfone
membrane, PVDF:
polyvinylidene fluoride
membrane, PE:
phosphatidylethanolamine
membrane and PP:

polypropylene
membrane.) [25]
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Table 2. Comparing Four Membrane Processes
Reverse Osmosis Nanofiltration Ultrafiltration | Micro filtration
Membrane Asymmetrical Asymmetrical Asymmetrical Symmetrical
Asymmetrical
Thickness 150 um 150 um 150 - 250 wm 10-150 um
Thin film 1um Tum 1um
Pore size <0.002 um <0.002 um 0.2- 0.02 um 4-0.02 um
Rejection of HMWC, LMWC HMWC | Macro molecules, Particles,
sodium chloride mono-, di-and proteins, clay
glucose oligosaccharides polysaccharides bacteria
amino acids | polyvalent neg. ions, vira
Membrane Ceramic Ceramic
material(s) CA CA PSO, PVDF,CA | PP. PSO, PVDF
Thin film Thin film Thin film
Membrane Tubular, Tubular, Tubular, Tubular,
Module hollow fiber, hollow fiber
spiral wound, spiral wound, spiral wound,
plate-and-frame plate-and-frame plate-and-frame
Operating 15-150 bar 5-35 bar 1-10 bar <2 bar
pressure

Table 3. General comparison of different memerarocesses [26]

1.5.1. Cdlulose acetate membrane

Among polymer membranes which can be used for agpar cellulose acetate (CA) was

one of the foremost. CA, as hydrophilic membraresspsses a good fouling resistance, its

price is low, it has moderate chlorine resistancg good biocompatibility, but at the same

time its disadvantages are: poor mechanical stnerigtv oxidation, thermal and chemical

resistances.

Another obstacle of using CA membranes is

crucial for applications in chemical and
pharmaceutical industries when organic solvents
are part of the feed or in process operating at
temperatures higher than “&0 and pH lower

than 3 or higher than 7 [27]. Figure 5 presents 20

CA membrane of type ST 68.

Fig. 5.Cellulose Acetate Membrane (Type ST 680§ [27]
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Two commercial filters were examined:
* Cellulose acetate filter by CHMLAB GROUP

These filters with 150 nm diameter possess exdelpeaperties for quantitative and
qualitative analysis. They are free of possiblédiesd acids which might be used in some
production methods. What is more, they containezmély low amount of ash [28]

* Cellulose acetate filter by Prat Dumas, France

Prat Dumas filters with the diameter of 0,2 um, g83s an extremely high thermal

stability. For this reason they can be autoclavéitivis a great property in the bacteria

environment. Perfect for biological and clinicabéysis [29]

Fig. 6. CHMLAB GROUP and Prat Dumas cellulose aeefitter papers [28-29]

1.6. Electrospinning

Electrospinning process is a simple and low codtrielogy for producing fibers in the
range of few microns by using an electrical chargethis method the sufficiently high
voltage must be applied to a droplet of a liquid, edectrostatic repulsion counteracts the
surface tension and the droplet is stretched duleet@harge process of the body liquid. At a
critical point a stream of liquid explode from therface. It is called Taylor cone [18]. If the
molar cohesion of the liquid is high enough, therao occurrence of a stream breakup and a
formation of charged liquid jet is observed [18heTcurrent flow alteration from Ohmic to
convective mode occurs due to the jet drying imwfldhe next step is elongation of the jet by
whipping process caused by electrostatic repulsiatil the final deposition on the grounded
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collector. The elongation and thinning of the fileithe result of bending instability which

leads to the production of uniform fibers with nareder-scale diameters [18].

Solution variables

©O@

Needle variables

- Collector variables

Ohmicflow i Convective flow

®@0o®

L
s,
,

]

i

1

i
Nka,

one is governe -

by the ratio of surface tension I Zone of transition between
to electrostatic repulsion : liquid and solid

Target

’
SLOW ACCELERATION ! RAPID ACCELERATION . P von Recum Lab

Fig. 7.Diagram showing fibre formation by electrivgpng [18].Fig. 8. Electrospinning/electrosprayischematic

with variations for different processing outcanji28].

The typical laboratory electrospinning apparatussesis of a spinneret, which is typically a
hypodermic syringe needle, connected to a highagelt(5-50kV), syringe pump, direct
current power supply and a grounded collector. lutgm is placed in the syringe and the
liquid is extruded from the needle tip by a syrinmgenp at a constant rate. The electrospun
non-woven mats provide extremely high porosity andace area-to-volume ratio. They are
light and mechanically flexible which emphasizesgithattractive properties for potential
applications, for example in biomedical engineemngs filter membranes. Electrospun mats
could exhibit higher bactericidal effect than comti@nal microfibers due to their high surface

area-to-volume ratio mentioned above [4].

2. Experimental section

The experimental measurements were taken in l|abogat of the Institute of
Nanoscience, Aragon (INA) and in the Centro de $tigacion Biomedica de Aragon (CIBA)
in Zaragoza, Spain. The first part of the projeaswsynthesizing and characterizing silver and
titanium dioxide nanoparticles, testing the bactdal effect of the suspensions and .

afterwards the composite membranes were fabricayeélectrospinning process made of
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Poly(methyl methacrylate) and already synthesizatbparticles. The last step was verifying
the bactericidal effect of created membranes amdpaoe their mechanical resistance with

commercial membrane filters for the water treatment

2.1. Nanoparticles synthesis

Three synthesizing methods were used to produee thifferent nanoparticles: silver
nanowires, silver nanospheres and titanium oxidestMbf the chemicals were purchased
from Sigma-Aldrich Co. Spruce Street, St. Louis,AU8nd PRS Panreac Quimica Sau,

Castellar del Valles, Barcelona, Spain.

2.1.1. Silver nanowires (AgNWs) synthesis

Silver nanowires have been used in a broad vaoétgpplications such as: photonic
crystals, optical polarizers, microelectronicsabats and SERS (Surface Enhanced Raman
Scattering). Particularly, great effort was madeobtain nanowires with controllable size
[30]. The solvothermal method, developed by the NNAnoporous films and particles)
group [30] was used for fabrication of silver nam@s by reducing silver nitrate (AgNQO
99.9% ),with ethylene glycol (EG, 99.8%), and usiwyvinyl pyrrolidone (PVP, molecular
weight = 55000), as an adsorption agent with alth&f chemicals purchased from Sigma
Aldrich.

Two solutions have been prepared in 50 ml beakers:
1. 10 mL of EG and 169,87 mg of AgN(@,1 M)
2. 10 mL of EG and 166,71 mg of PVP (0,15 M)

The first solution was mixed using a magnetic stiand the second was added slowly to the
first one drop by drop. The second solution wasedddnly after the first one was mixed

correctly. The final mixture was placed in the alsawe and closed in the oven for 2,5h in
16(°C. Afterwards, the suspension was divided into plastic centrifugation tubes and 23
thoroughly washed with acetone (10 mL of a suspenand 30 mL of acetone). Tubes were

placed in the centrifugation machine (Jouan B4 remil995/3777a) at 3000 rpm (revolutions
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per minute) for 20 min. The procedure was repe&eiimes. After each centrifugation
supernatant was removed and replaced again byracgad]. The solutions were placed in
the ultrasonic bath for about 5 minutes in ordeavoid agglomeration of particles after each

centrifugation during all of the nanoparticles $yasis.

2.1.2. Silver nanoparticles (AgNPs) synthesis

The synthesis of silver nanospheres was carriedaag by a polyol method. It is
commonly used for preparation of metals which asilg reducible. The polyols, such as:
diethylene or ethylene glycol are able to act esdaicing agent but also as a solvent in which
the metal salts might be dissolved or suspended. CHpping agents are used to protect
nanoparticles from sintering with each other amsnfforming large particles. PVP is one of
the commonly used capping agent [6]. Most of thenulcal reducing reactions require
elevated temperatures to increase the reaction Thte energy which is used to heat up the

media can be laser irradiation, conventional théhmating, ultrasonic, UV irradiation etc.

Microwave radiation however, has the fastest
heating rate and is used to synthesize
platinum and silver nanopatrticles. It heats up
the material through its dielectric loss, and
then it converts the radiation energy into a
thermal one [6]. The method used for
preparation of silver nanospheres was
chemical reduction of silver salt in the
presence of a stabilizing agent and MW
heating [32].

Fig. 9 Microwave apparatus, CEM Discover, Institot®Nanomaterials Aragon, Zaragoza, Spain

2,4 g of PVP (Mw = 10000) was added slowly to 20 of[EG and mixed by magnetic stirrer
for 2h in the 50 mL beaker. The consecutive step adding 0,158 g of AgN$and mixing

24
for exactly 20 min. The chemicals in this synthegese purchased from Sigma Aldrich. The

solution was placed in the microwave (CEM Discovépy 16 sec in 20 with
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SintNPsAg16s program which produces the smallesbperticles in terms of diameter. After
cooling the solution down, the tube with the susp@m was placedn the centrifugation
machine (Beckman Coulter Allegra 64R) for 1h anthwhe speed of 21000 rpm. The same
procedure was repeated 6 times, each time supetnatés taken out only from the top and
then filled with water due to the slow precipitatiof silver nanospheres [33].

2.1.2.1. In situ silver nanoparticles synthesis

Due to the difficulties connected with obtaininggticoncentration of AgNPs another
synthesis method was applied. In order to fabricatsilver nanoparticles — polymeric
membrane by electrospin a particular concentrati@s required due to the limitations
connected with the size of the syringe used bydéece. Taking these limitations into
account and after many attempts with the solutibrsitver nanoparticles and different
solvents, it was decided that in the case of AgNiRssitu” synthesis will be applied. As it
was described abovim situ method possess only one step. Silver nitrate (&igtdrich) was
added directly to the polymer solution of Poly (gt methacrylate and its solvents and
mixed for around 12 hours. DMF as one of the PMM#dévent worked as a reducing agent.
The amount of AgN@added was calculated and it was taken into acdbanthe amount of
pure silver in the silver nitrate mixture is lowan in the AgNPs solution. What is more,
2%wt of silver was chosen to be in the solution tugs best solubility.

2.1.3. Titanium dioxide (TiO,) nanoparticles synthesis

TiO, nanoparticles were synthesized by a sol-gel methedL of Titanium Isopropoxide
(TIPO - Sigma Aldrich, 97%) was added drop-wise3td mL of absolute ethanol (PRS
Panreac) in the 50 mL beaker. The solution was dnibyea magnetic stirrer and 3 ml of acetic
acid (HAC — Sigma Aldrich, 99-100%) was added. Tdilwing step was addition of 5 ml of
deionized water and stirring for 5 min again. Tlodugon was placed in the autoclave that
was sealed and heated up in the microwave oveheStdne — microwave laboratory systems,
Ethos Plus, High performance microwave labstatigmo 126C (measured by IR) for 15
min. The next step was isolation of Li®y centrifugation (10 min at 9000 rpm), thoroughly
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washing several times with ethanol. The proceduas wepeated three times, each time

supernatant was removed and replaced by the ndawpof the solvent [32].

2.2. Bacteria test for suspensions

In order to obtain pure viable cultures, bacte@a o be suspended in tryptic soy broth
(TSB) purchased from Sharlau Chemie S.A, Barcel@puain. Two kinds of bacteria were
examinedsS. aureusandE. coli purchased from American Type Culture Collectiom GXC).
One bacteria colony was added to the 100 mL glagkelwith 40 mL of TSB and incubated
overnight at 37C [10]. The next step was the drug treatment. Hdeek bacteria in the
solution of TSB was added to the tube with the dwgpension with the ratio equal to 1:1 and
incubated overnight once more. The control samplboat drug was prepared as well. The
solution was then suspended in phosphate-buffeaédes(PBS) until the turbidity of the
solution was no more visible, usually 8 dilutiongres required. In order to prepare PBS
solution several constituents had to be mixed: $3aian chloride (Panreac), Sodium chloride
(EMD Millipore corporation 290 Concord road, Biliea MA 01821, USA), Potassium di-
hydrogen phosphate (Panreac), Sodium phosphatsidif&gma Aldrich). The last step was
pipetting 25 pl drops of the diluted solution ore tRetri plates with Agar solution and
incubating overnight at 3 [24]. Figures 11 and 12 presented below reprethenbacteria

test for suspensions.

1 colony of 2ml ofdrug

bacteria
Oven 37

degrees/24h
40 ml of TSB

0.5ml 0.5ml

filslsfslsls

Oven 37
degrees/24h

2ml 4.5ml of PBS

26
Fig. 10 Representative scheme of the bactericalfor suspensions
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Fig. 11 Representative scheme of the pipetting atetbr Petri plates

According to the fact that T#¥Opossesses antibacterial activity only under pladsdgtic
conditions the bacteria test for titanium dioxidaswslightly different. A colony o%. aureus
or E. coliwere suspended in TSB solution and incubated fdn 24 37C. Aliquots of 1 mL
aqueous Ti@ suspension was added to 50 mL glass beaker corgaghmL of sterilized
deionized water and 1 mL of washed bacteria suspen¥he samples were placed on a
magnetic stirring plate with a continuous mixingdamere illuminated with the ultraviolet
lamp with and emission equal to 365 nm for 5 halyn the regular dilution method was used

in order to verify the bacteria concentration i tiradiated samples [10]. Figures 12-13

present the UV lamp used in the Eiacteria test procedure.

Fig. 12-13. Ultraviolet lamp VL-4.LC, 365 and 25thnubes

All of the nanoparticles suspensions used for debbacdilution test must be suspended in .

water as a solvent in order to be sure that thexenanoparticles which kill bacteria and not

the solvent.

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |



2.3. Electrospinning

Flow nanotechnology solutions, Electrospinner 2-20D was used in order to fabricate
the composite membranes. The first objective wasdpare a proper electrospinning solution
with good viscosity to avoid droplets from the tiigures 14-15 show the electrospinner
setup used in INA. The polymer used in the fabiratprocess was Poly(methyl
methacrylate) (PMMA — Sigma Aldrich, Mw = 12000)eadto its lightness, low cost and easy
handling and processing.

. —

Fig. 14-15 Flow nanotechnology solutions, Electiospr 2.2.D-500, INA, Zaragoza, Spain

PMMA is a strong material with the density of 1,1,20 g/cn. It ignites at 468C and burns,
forming CQ, H,O, CO and low- molecular-weight compounds (suclfoasaldehyde) [17].
PMMA is a hydrophobic polymer, which means that ¢benposite membrane most probably
will be hydrophobic as well. Poly (methyl methaetg) possesses environmental stability
however, it swells and dissolves in many organigesus. It is known that the best solvents
of PMMA are acetone and N,N-Dimethylformamide (DMFSigma Aldrich, Reagent Plus =
99%) [6]. DMF is an organic compound and colourlégpsid miscible with water and many
other organic liquids. It is a common solvent fbemical reactions [18].

2.3.1. Control sample preparation

28
The first attempt of PMMA membrane without any npadicles was prepared as a

control sample. Many attempts of different solusiowere prepared, with the best ones
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presented below. Each type of membrane was predrigst twice in order to prove the
reproducibility of the process. Acetone and DMF evesed as a mixture of solvents in the
ratio of 60 to 40 respectively [34]. Different atipts were prepared however, concentrations
lower than 18%wt of PMMA did not function due tanwiscosity and formation of the liquid
droplets on the grounded collector. Two proper damm terms of viscosity and no droplets

formation were prepared with the following concations:

*  18%wt of PMMA
*  20%wt of PMMA

While the 20%wt of PMMA was the most stable onee Tiass of a polymer which had to be
added in order to obtain the desired concentrai@s calculated from the following

formulas:

C = rnPMMA
rT‘lPMMA + rT‘golvent

C [rnPMMA + rnsolvem = rnPMMA
rnPMMA Hl_ C) = rnsolvent

C

Moyma = m |]nsol

m=VI[p
m =30mL[0853g/ mL

Where:

C -desired concentration

m-mass [g]
V- volume [ml]
p -density [g/mL]

p -0,853 g/mL
V -30mL

The same procedure was repeated for different coratens:

C -20%wt of PMMA

_ 02
m= i=02) [{ 085380)

m=640 g]

18%wt of PMMA = 5,623[g]
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The density of a mixture was calculated from thera
pacetone: 0,791 g/Crﬁ
PDMF = 0,95 g/cr@

pmixwure= (0,791*0,6) + (0,95*0,4) = 0,853 g/ér 0,853 g/mL

2.3.2. AgNWSPMMA solution preparation

The calculations presented below shows the voluivegbl\Ws solution required in order
to obtain a proper electrospinning solution, takintgp account the concentration of the
nanoparticles suspension. The solution had to bemweed in order to have a well dispersed
nanoparticles in the polymer fibers and to avoiglagperation of particles. Values of two the

best solutions are presented below.

First solution calculations:

C - concentration of AQNWSs 30ml of desired solution=18ml of acetone +
m - mass of the PMMA 12ml of DMF
V - volume of AgNWs 6,4g of PMMA>1% = 65mg of AgNWs
-4,7 L
C-4,79mg/m Vv _m_ 65mg = 1357ml
m - 6,4 g C 4,79mg/m|

18-13,57 = 4,43ml|

Substance Amount Substance Amount
PMMA [g] 6,4 PMMA [g] 6,4
AgNWs [ml] 13,57 AgNWs [ml] 12,9
Acetone [ml] 4,43 Acetone [ml] 5,1
DMF [ml] 12 DMF [ml] 12

Table 4-5. Final amounts of all the constituent&gNW synthesis

The same procedure was repeated in the secondbsolith the concentration equal to 5,015

mg/mL.
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Calculated amounts of constituents were added 30 enL beaker and placed on a stirring

plate. The constant mixing was kept for about 12 h.

2.3.3. AgNPs/PMMA solution preparation

The silver nanopatrticle electrospinning solutiorswae of the most difficult to prepare. It
was connected with the limitation of the concemndratvalue while using electrospinning
method. The syringes connected with the rest oafiparatus have only 20 ml volume which
means that the solution should have concentratigimeh than about 4 mg/ml. In the case of
silver nanoparticles synthesis obtaining such & lkignhcentration was hard. Many trials was
prepared with different solvents, taking into aauotinat there are only two possible solvents:
DMF and acetone, to be in agreement with PMMA ofiésit is why then situ method was
used instead of using a ready solution. Howeveg tbsults of silver nanoparticles
suspensions are presented in the results sectioielasThe one stem situ process required
only a direct addition of silver nitrate to the widn of polymer and its solvents. Choosing

this technique is possible only in the case ofesiltvanospheres morphology due to very good

distribution characteristic. In the case of silmanowires the process was not recommended

becausen situ method would not be able to fabricate this paldéicmorphology. Moreover,
the size of silver nanospheres fabricatedirbyitu method was very small which will be
presented in the characterization section. Whéblisw that the highest bactericidal effect

should be obtained in the situ membrane fabrication due to the smallest size.

Computations were based on the difference in thieecatar mass of silver and silver nitrate.
AgNO; was added directly to the solution of polymeraast of AQNPs suspension like it was

in the case of AQNWs. Calculations are presentéuibe
20 mL of solution =12 mL of acetone + 8 mL of DMF
In order to obtain 20%wt of PMMA — 4,269 [g] of PMiVhad to be added

In order to obtain 2%wt silver content - 87,12 nighg had to be added
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However, AgNQ is not pure silver which means that some recaticuidad to be done:

Magnoz- 169,87 [g/mol] Substance Amount
Mag— 107,87 [g/mol
Ag [g/mol} PMMA [g] 4,269
169,87
m= 7,12: (10787)
' AgNO3 [mg] 137

m = 137 [mg] of AgNQ@ had to be added

Acetone [ml] 12

DMF [ml] 8

Table 6. Final amounts of all the constituents of

AgNPs in situ synthesis

2.3.4. TiO,/PMMA solution preparation

The last fabricated film was the titaniumSubstance Amount
dioxide membrane. Solution with 7,8 mg/m

_ . PMMA [g] 6,4
concentration was treated in the same way
the previous ones. TiOsolution exhibited | TIO2 [ml] 8,32
one of the best dispersion in the polymer'ACetone [mi] 9.67

fibers which was visible in the SEM

characterization technique. The amounts OIPMF[mI] 12

all the constituents added to the mixture areble 7. Final amounts of all the constituents

presented in table 7. of TiO, synthesis

2.4. Membrane bacteria test

A bacteria colony had to be suspended in TSB swiuind incubated for 24 h at®87in
order to prepare the bacteria test for solids. binthe suspended bacteria was transferred to
the 1 L Agar solution, which was autoclaved befand which had exactly 3Z. The proper
temperature was crucial due to the Agar solutiahlzacteria properties. Above €7 bacteria
would be killed and below this temperature Agarusoh would start to solidify. After
stirring the Agar and bacteria mixture, 1 ml of 8@ution was placed on the membrane by
the micropipete, as it is shown in the Figure I®alb (3cm x 3cm) piece of membrane was

placed in a plastic Petri plate which was situateside the big glass Petri plate filled with
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water. The water was required in order to sustagnagueous environment for bacteria. Petri

plates together with the membrane and bacteria insggted into the oven for 24 h at°G7

The last step was transferring the membrane ire€hmL beaker filled with 10 mL of TSB,

mixing it and sonicating for 1 min. Then, the starttdilution and bacteria test was prepared

[34].

iml iml Glass Petri plate

!

Plastic Petri
plate
Oven 37 degrees/24h

10ml of TSB+1 S f:”
olony of 1L of Agar . memorane 10 ml of TBS
= 20 ml of water membrane

Fig. 16 Representative scheme of the solids bactest

In order to prepare titanium dioxide bacter

test for solids different procedure must
taken into account. The different part w
connected with the treatment of the Pe
plates with the membrane. The membra
was illuminated with the UV lamp for 5
with 365 nm wavelength at roo
temperature instead of placing it into t

oven. This particular treatment is connect

Fig. 17 Titanium dioxide membrane bacteria testeund

with the TiQ, different properties underUV ilumination

ultraviolet light.

3. Results and discussion

The characterization was divided into two partsarelterization of nanoparticles
suspensions and characterization of composite nsmbr obtained by electrospinning

technique. High amount of trials was done in ca$enanoparticles suspensions and
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electrospun membranes. The best results have beeserc and presented below. What is
more, the biggest problem was the choice of a prepkvent because PMMA solvents are
acetone and DMF as it was mentioned above. Thewdsao use one of these solvents in the

nanoparticle synthesis.

3.1 Characterization of nanoparticles

Silver and titanium dioxide nanoparticles were bgstzed by methods described in the
previous sections. The silver nanowires solutiocabg brownish/grey, silver nanoparticles
turned to pale brown and titanium dioxide solutrees white.

3.1.1. Microscopy and diameter distribution examination

Microscopy is one of the best technique for char@ation of nanoparticles in terms of
morphology. Transmission electron Microscopy (FEHCNAI T20) and Scanning Electron
Microscopy (INSPECT S) were used in order to chiarae obtained suspensions (TEM) and
membranes (SEM).

TEM sample preparation did not required speciatiment, diluted suspension was poured on
a grid and dried, while in the case of SEM the dampeded to be conductive, hence the drop

of a solution was placed on a carbon tape.

What is more, the microscopy examination was costitogether with the particle size
histograms. The diameter distribution histogramsewabtained in the computer software
IMAQ Vision Builder from at least 50 measurementslifferent TEM images. Figures 18-26
represent TEM and SEM (in the case of nanowired)daameter size distribution histograms

images of silver nanowires, silver nanoparticles titianium dioxide respectively.

Silver nanoparticle suspensions which finally weeplaced byin situ method in the
membrane fabrication are presented in the reswdtswbas well in order to prove the

reproducibility and to show the working mechanisinthe method.

Silver nanowires presented in the figures belownsBatisfactory particle size distribution.

One of the images is a SEM photo which proves AgliWs are nanoparticles with the ,
4

biggest size.
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Fig. 18. SEM image of Silver nanowires Fig. 19. TEM image of silver nanowires

mmmrequency consor | N€ - Silver nanowires histogram
shows that the wire diameter
distribution range from 63,3 to 439

nm with the mean diameter equal

Relative Frequency

to 148 nm. It is very difficult to

obtain uniform distribution in case

200 300 400

mean diameter (vm] of AgNWs due to their

Fig. 20. Particle size distribution of Ag nanowires agglomeration even after
sonication of the suspension used
for sample preparation.

Silver nanoparticles presented in the figures betaibit one of the smallest particles size

and better diameter distribution in comparisorh@gilver nanowires.
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Fig. 21. TEM image of silver nanospheres Fig. 22. TEM image of silver nanospheres
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mmmFequeney cons 1 NE Silver nanoparticles histogram
exhibits the mean particles size
between 4,06 and 19 nm with the

=)
w
1

mean diameter equal to 13, 9 nm.

Relative Frequency
o
o
1

o
N
1

0,0 -
6 12 18

mean diameter [nm]
Fig. 23. Particle size distribution of Ag nanopalds

Titanium dioxide anatase nanoparticles exhibitredémcy of agglomeration, however their

particles size distribution is good and the sizealso small. Nevertheless, it was a big

challenge to keep TiDnanoparticles not agglomerated with each other tduéhe high

concentration of the suspension with acetone whaimsed the particles agglomerate at the

bottom of the sample.

Fig. 24. TEM image of TiQ Fig. 25. TEM image of TiQ

(W Frequensy consof 10E TIG, particle size histogram
shows the particles range between
3,56 and 12,4 nm with the mean

0,3 4

=)
[N
1

diameter 6,8 nm.

Relative Frequency
o
=
1

0,0
3 4 5 6 7 8 9 10 11 12 13

Mean diameter [nm]

Fig. 26. Particle size distribution of TjO
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From the histograms above it is clear that the dsgganoparticles are silver nanowires and

the smallest titanium dioxide nanopatrticles.

3.1.2. UV-visible spectroscopy

UV-visible spectroscopy is a commonly used techaifpr structural characterization of
nanoparticles. The measurements were carried ol#&sno V-670 Spectrophotometer in the
Institute of Nanoscience of Aragon in Zaragoza,ilspaéhe range of the measurement was
between 800 and 300 nm. Three suspensions wereiredinsilver nanowires, silver
nanoparticles and titanium dioxide respectivelye Tiesults are presented in the figures

below.

The absorption spectrum of silver
"] nanowires presented in the Figure
27 shows a surface Plasmon
057 absorption band with the value of

429 nm demonstrating the presence

absorbance

of silver nanowires. The colour of

the solution was brownish/grey with

a high turbidity which had an

0,3 T T T T
400 600 800

wavelength [nm] influence on the sharpness of the

peak [36].

Fig. 27 UV-Vis absorption spectrum of silver nanmsi

The absorption spectrum of silver

nanoparticles presented in the
N Figure 28 is equal to 424,5 nm and
02 the peak is sharper than in the case

of nanowires. It is connected with

absorbance

0,1

the pale brown colour and no
turbidity present in the solution
[36].

0,04

T
400 600 800
wavelength [nm]

Fig. 28 UV-Vis absorption spectrum of silver nandictes

The EM3E Master is an Education Programme supported by the European Commission, the European Membrane Society (EMS), the

European Membrane House (EMH), and a large international network of industrial companies, research centres and universities |

37



The last figure shows the absorption
121 spectrum of TiQ nanoparticles in
the form of anatase. The surface

Plasmon absorption band exhibits

0,8

L

its maximum at 363 nm which

absorbance

1
04- -\ indicates titanium dioxide particles

\\‘ [37]. What is more, the reason of
i the peak getting sharper is the

T T T
400 600 800

wavelength [nm] decrease of the size of nanoparticles

0,0

_ _ _ o _ which was indicated by the particle
Fig. 29 UV-Vis absorption spectrum of titanium xiabe
size distribution in the previous
section [37].
All of the presented above spectrums indicatedpitesence of AQNWs, AgNPs and TiO

nanoparticles respectively.

3.1.3. Concentration measurement by microbalance

The measurements were carried out using RAWDAG, i\E&ktroniczne, MYA 5/2Y,
Poland microbalance in order to check the conceotraf the solutions which was a crucial
characterization technique for the usage by elsptnming. The small aluminum vessels were
used in order to weight the solution in the mictahae. First, empty vessels were measured,
and after they were filled with the solution andq&d into the oven in order to evaporate the
solvent. The vessels were weighted once more andifference was used to plot the graph:
mass versus volume. The resulting graph was arlirgaesentation of the amount of the
nanoparticles in the suspension. The linear functiath the formula: y = ax + b
demonstrates the values of intersection (y) andstbee (a) of the curve. The value of the

concentration is equal to 1/a.
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0,08 - =0,2098x + 0,0173
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0,02 - y =0,1281x + 0,0002
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mass [mg]

Fig. 30 Linear representation of nanoparticles snsns used for producing a composite membranes

The graph above represents the silver nanowireg (bblour), silver nanoparticles (purple
colour) and titanium dioxide (green colour) lineaepresentations. The values of
concentrations are presented in the table belownyMdtempts were done in order to check
concentrations of many solutions. Only three ofritege presented in this section.

Nanopatrticles solution Concentration [mg/ml]
AgNWs 4,78

AgNPs 1,02

TiO 7,8

Table 8. Concentration values of different nanaplag

3.1.4. Zeta potential

Zeta potential measurements were important in terfrike stability of the solution. The
measurement was taken by PALS- Phase Analysis 9ghttering, which is an extension of
laser, Electrophoretic Light Scattering (ELS). EkSused to the measurement of the velocity
of moving particles that scatter laser light, te thneasurement of electrophoretic mobility

(EPM) and the calculation of zeta potential.
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| | According to the literature, solutions with
high negative or high positive values of zeta

potential are stable, while those with low

ta Potential

values, close to zero are not stable. Particles

e

are in the constant movement (Brownian

motion), if they exhibit high zeta potential

W values it means that they have big charges

pH

and they repulse from each other, which
Fig. 31 Zeta potential figure representing values f

means no attraction occurs and the solution
is stable [18].

stable and unstable solutions [38].

Zeta potential measurements of three nanopartidpensions indicated their stability at their
natural pH. Results are presented below:

NPs pH Zeta None of the suspension exhibit value of zeta
potential potential close to zero, which means
AgNW 6,65 -16,51 suspensions are stable because the more
AgNP 504 14 86 negative or positive value of zeta potential
: the highest the stability. The most stable
TiO, 517 +21,6 o . : .
should be titanium dioxide suspension with

Table 9. Zeta potential values for NPs at theigiosl

H the highest zeta potential value. But in the
p

electrospinning process titanium dioxide was
added to the acetone suspension where the

agglomeration tendency increases.

3.1.5. Raman spectroscopy

Raman spectroscopy technique takes into considaratielastic scattering (Raman
scattering) of monochromatic light which usuallyres from laser in the visible or ultraviolet
range. The light of the laser interacts with molacwibrations which results as an energy of
the laser photons being shifted up or down. Thatiquéar shift is different for different
compounds so it gives information about the vilrzi modes in the system [18]. Two

samples were carried out in order to examine tleetspscopy of the system: suspensions

40
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containing silver and titanium dioxide nanoparscl&he suspensions were dried in order to
obtain the pure nanoparticles without the solvent were placed on the optical microscopy

glass.

The Raman spectroscopy figure shows
variety of bands: 1596 ci for glassy
carbon [39], 1319cth lonsdaleite
(hexagonal diamond) [40], 2847  ¢rfor

CH; stretching [41] coming from carbon

8000

intensity

0 contamination, while the most important is
silver bonding: 245 cihfor Ag-O [42].

T 1
2000 4000

Raman shift cm™]
Fig. 32. Raman spectroscopy for AgQNPs
The Raman spectroscopy figure shows

the dominating bands of 639, 502 and

406 cm' which are the typical peaks for

20000

titanium dioxide anatase [43-44]

10000

|

T 1
0 2000 4000

intensity

Raman shift [cm'l]

Fig. 33. Raman spectroscopy for FiO

3.1.6. Bacteriatesting

The bacteria testing measurements were held in ClB&ntro de Investigacion
Biomedica de Aragon). Tests with two kinds of baatstrains were examine8:. aureusand
E. coli. Two different bacteria testing were carried @utspension bacteria test and bacteria
test for solids in order to test the fabricatecetespun membranes. The results are presented
in the figures below.

41
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100000000 - Suspensions of AgNPs and

10000000 - AgNWs with concentrations of

1000000 + 1,03 mg/mL and of 1,13 mg/mL
= 100000 - _ _
< 10000 - respectively were examined
G 1000 - againstS. aureusbacteria strain.
100 - Both concentrations were kept
10 -
1 similar in order to compare their

S.aureus AgNW AgNP results. As it is presented in the

/

Fig. 34. Bacteria test of AgNWs and AgNPs agaBtaphoncoccusFig' 34. AgNPs exhibit better
aureus bactericidal effect due to the

small size [2].

The same solutions were used in
1E+09 - order to test theE.coli bacteria
100000000 - . . . .
resistance. As it was mentioned in
10000000 -
1000000 - the previous sections and proved by
100000 + the Figure 35 silver exhibits
E 10000 - o _
S 1000 - stronger bactericidal effect against
[T 9
© 100 - Gram negative bacteria, where
10 -
1 . . . E.coliis one of them.
E.coli AgNW AgNP

Fig. 35. Bacteria test of AgNWs and AgNPs agaihstoli

TiO,  suspension  with  the
1E+09 -

100000000 - concentration equal to 1,5 mg/mL
10000000 was examined agains$ . aureus
1000000 - . :

bacteria strain. Three samples were

_ 100000 -
£ 10000 - measured: Ti@illuminated by UV
o]

&5 1000 - lamp, TiQ without illumination

100 - .
10 - and the last sample was just
1 illuminated by UV without TiQ. It
control  Ti02 Tio2+uy can be seen that the nanoparticles 42
S. aureus

UV irradiation, the radiation itself
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presents some bactericidal effect but the comlmnas the most effective system to reduce
the bacteria population.

Titanium dioxide with the same
1E+10 -

100000000

concentration as described above
was examined againstE.coli
"E 1000000 - bacteria strain. The procedure of
~
= three measurements was the same
S 10000 -
as in the previous attempt. In this
100
case the presence of nanopatrticles
1 = T T T

, _ _ has little effect in the bactericidal
E.coli Tio2 uv TiO2+UV

_ _ T o —activity. Moreover, TiQ did not
Fig. 37. Bacteria test of titanium dioxide suspensigainst. coli

affect Gram negative bacteria.

Bacteria Nanopatrticles Value [CFU/mI]
S.aureus AgNW 2,84*10
AgNP 1,74*10
E.coli AgNW 9,33*10
AgNP 6,18*10°
S.aureus TiO+UV 2,02*10°
E.coli 1,48*10

Table 10. Colony forming units values of the thsaepensions examined agaiBstoli andS. aureus

Even though all the particles present bactericaldivity, as it was expected, the smallest
silver nanopatrticles are the most effective.

3.2. Membrane characterization

Silver nanoparticles, silver nanowires and titanioxide membranes were fabricated by
the electrospinning method described in the expsrtal section. Almost the same
characterization methods were used as in the -casesuspensions with TGA
(Thermogravimetry analysis) instead of microbalaraied mechanical resistance of a 5

membrane as an additional measurement techniques.

3.2.1. Electrospinning parameters
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Fabricating a proper fiber surface by electrospignmequired setting up many parameters.

The most important are presented in the tablesabelo

Concentration 18%wt of PMMA 20%wt of PMMA
Distance tip-collector [cm] 15 15

Humidity [%] 39,54 28,05
Temperature [°C] 23,47 22,20

Pump 1 speed [ml/hour] 0,5 0,5

Pump 2 speed [ml/hour] 0,1 0,1

Diameter* 15,9 15,9

Voltage injector [kV] 4,08 3,02

Voltage collector [kV] -2,41 -2,53

Time [hrs] 5 7

Table 11. Measurement parameters for different eoimations of PMMA fibers;
*pump diameter for 10ml Norm Ject syringe

The parameters in the following measurements wepg &nstant with the slight changes in
time, voltage injector and collector and pump speadorder to obtain the most uniform and
stable flow. Moreover, the pump diameter value geghwhen the syringe used in the
eletrospin device changed as well. For Norm Jechll®yringe the pump diameter was equal
to 15,9 while for 10 ml BD syringe the value wasi5l4

3.2.2. Microscopy and diameter distribution examination

Many attempts were done before the best composiasdiscovered. The change in the
diameters of PMMA nanofibers may be the result dfecent experimental parameters.
Variation of temperature or humidity can have afiuence and it might be a possible
explanation. Likewise with broad values of voltaggctor and collector, usually the values
are slightly different from solution to solution igh is connected with different viscosities.
The first task was finding the best and the mastlstpolymer solution. Next step was adding

the nanoparticles solution and fabricating the cositp membrane. The figures below
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represent the polymer fibers, AgNW + polymer, AgMPpolymer and Ti@ + polymer

respectively.

Fig. 38 SEM image of 16%wtFig. 39 SEM image of 18%wtFig. 40 SEM image of 20%wt
PMMA fibers PMMA fibers PMMA fibers
The 20%wt of PMMA was decided to be the most stablerms of lack of liquid droplets,

good viscosity, and the best membrane texture.

B Frequency Counts of I Frequency Counts o

0.3

o
N

°
[
Relative Frequency

Relative Frequency

0,0
12 18 24 3.0 12 18 24

mean diameter [pm] mean diameter [pm]

Fig. 41. Fiber size distribution of 16% wt ofPMMAFig. 42. Fiber size distribution of 18% wt of PMMA

fibers fibers

mmreescons  Figures above show histograms with the
fiber size distribution of PMMA with
16%wt and the mean diameter of 1,83 um,
PMMA with 18%wt with the mean diameter
of 1,56 um and PMMA with 20%wt and the

mean diameter of 0,99 um respectively. The

0,44

Relative Frequency
° o
N w
! !

°
!

0,04

0,5 1,0 15

mean diameter [pm]

diameter distribution histograms of polymer

Fig. 43. Fiber size distribution of 20% wt of PMMAflbers indicate the smallest filaments being

45
fibers the one of 20 %wt of PMMA.
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What is more, the most uniform diameter distribati® also exhibit by the same fibers.

Final experimental step was fabrication of elegiuwscomposite membranes. Three different
membranes were fabricated: AgNWs, AgNPs and,T&3pectively. Results are presented

below.

Fig. 44-45 SEM images of silver nanowires incorpedanto PMMA fibers
Silver nanowires exhibit lower dispersion chardstar than silver nanoparticles presented
below due to bigger size and tendency of agglonwerat

I Frequency Counts of A I Frequency Counts of A

0,154

o
o
S
o
N
!

Relative Frequency
°
=
1

Relative Frequency

o
=
@

04 08 12 01 02 03 04

mean diameter [um] mean diameter [um]

Fig. 46. Fiber size distribution of PMMA fibers Wit Fig. 47. Particle size distribution of AgNWs
AgNWs incorporated into PMMA fibers

Figures 46-47 show the fiber size distribution dgsams of PMMA in the sample of
AgNWs+PMMA with the mean diameter equal to 0,88 amad the particle size distribution
of AGNW in the sample of AgNWs+PMMA with the meamamheter equal to 0,22 um
respectively.

Silver nanoparticles membranes fabricatedirbgitu method exhibit the best and the most

uniform distribution characteristics. Results aresented in the figures below.
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Fig. 48-49 SEM images of silver nanoparticles ipcoated into PMMA fibers
Silver nanoparticles incorporated into PMMA fibarsd synthesized by situ method

exhibit great distribution inside polymer fibers.

I Frequency Counts of , I Frequency Counts of
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mean diameter [um]

mean diameter [pum]

Fig. 50. Fiber size distribution of PMMA fibers Wit Fig. 51. Particle size distribution of AgNPs
AgNPs incorporated into PMMA fibers

The histograms presented above show the fiber derdestribution of PMMA in the sample
of AgNPs + PMMA with the mean diameter equal to8019m and the nanoparticle size
distribution of AgNPs in the sample of AgQNPs + PMMAth the mean particle size equal to
0,023 pm.

The small size and the best distribution of silmanoparticles are connected with, situ
synthesis method a one step process that ass@egothl distribution of the nanoparticles
precursors in the polymeric matrix and avoid thglageration find in the suspension

produced by the usual synthesis method.

Titanium dioxide membrane presented in the figubetow exhibits very good particle
distribution as well. TiQ tends to agglomerate in the acetone suspensiortadtie high

concentration.
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Fig. 52-53 SEM images of titanium dioxide incorgedhinto PMMA fibers
TiO, nanoparticles present good distribution with thestruniform diameter distribution as
it is shown in next sections.
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Fig. 54. Fiber size distribution of PMMA fibers Wit Fig. 55. Particle size distribution of TjOncorporated
TiO, into PMMA fibers

The histograms show the fiber size distributioPMMA in the sample of Tig+ PMMA

with the mean diameter equal to 2,51 um and th&cfeasize distribution of Ti@Qin the
same sample with the mean diameter equal to 0,5%howing the agglomeration of the
primary nanoparticles.

As it is visible from the results above, the PMMBérs with the highest diameter are present
in the case of Tig+ PMMA membrane, and the lowest for AQNW + PMMA niaane.
What is more, the most uniform nanoparticles di@mdistribution is observed for the AgNP
+ PMMA in situ membrane due to the excellent distribution charesttc of the method

which was described in the previous sections.
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3.23. UV-VIS

The absorption spectrum of silver nanowires

0,24 4

+ PMMA membrane presented in the figure
shows a surface Plasmon absorption band

0,224

with the value of 373 nm demonstrating the
presence of silver nanowires [36]. Presence

0,20 +

of two peaks might be a reason of a non-

- - homogenous silver nanowires distribution.

wavelength [nm]

Fig. 56. UV-Vis absorption spectrum of AgNWs/PMM#embrane

The absorption spectrum  of  silver
nanoparticles + PMMA membrane presented
041 in the figure is equal to 410 nm and the peak

is sharper than in the case of nanowires. It is

absorbance

connected with better in situ silver

nanoparticles distribution inside polymer

: : : fibers than in the case of nanowires [36].
wavelength [nm]

Fig. 57. UV-Vis absorption spectrum of AgNPs/PMN#embrane

The last figure shows the absorption spectrum

of TiO, nanoparticles in the form of anatase +

0,6

PMMA membrane. The surface Plasmon
absorption band exhibits its maximum at 288

0,4

absorbance

nm which indicates titanium dioxide

nanoparticles [37].

0,2

T T T
400 600 800
wavelength [nm]

Fig. 58. UV-Vis absorption spectrum of T#®BMMA membrane 49
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3.24. TGA

Thermogravimetric analysis is a thermal analysishiod where changes of the chemical
and physical properties of an examined materiaihagasured as a function of an increasing
temperature. TGA can provide information about pdals phenomena, for example
decomposition [18]. This method was used in orddmd out what was the concentration of
the nanoparticles inside the polymeric membranerixaaProper heating temperature was
required in order to decompose the polymer butthetnanoparticles. The process finished

when the whole amount of polymer evaporated aret aftnple calculations the concentration
of the nanoparticles could be estimated.

[—C]
1004 100
~ 804 80
g
2
60
S 604 S
123
3
40 = 409
20 20
0
04
T T T T T T T T T
T T T T T T T T T 1 [ 50 100 150 200 250 300 350 400 450
0 20 40 60 80 100 120 140 160 180 200
o temperature [°C]
Temperature ("C)

Fig. 59. Percentage loss of a AgNP + PMM#Aig. 60. Percentage loss of a AgNWsPMMA
membrane membrane

Calculations of concentration for AQNPs +

PMMA membrane were based on the TGA

804

measurements, taking into account initial

60+

loss [%]

and final % weight.

404

204

temperature [’C]

Fig. 61. Percentage loss of a FiOPMMA membrane
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99,97 %- initial percentage of a membrane , — (0'205) « 100%
99,97
0,205 %- final percentage of a membrane

X = 0,205%
The same calculation procedure was done for, ROPMMA and AgNWs + PMMA
membranes with result equal to 0,010941% and 0,06&8pectively. TGA measurements
indicate the highest nanoparticle concentrationhin AQNPs + PMMA membrane and the
lowest in the titanium dioxide membrane. This ismected with the agglomeration tendency
and coagulation at the bottom of the electrospinngg of silver nanowires and titanium

dioxide.

3.2.5. Raman spectroscopy

Raman spectroscopy techniqgue was used in ordeefinedthe electrospun membrane
components. Figures presented below show the ddmgnaands connected with PMMA as a
membrane base. However, there are also representpgaks for silver and titanium
respectively. Peak 2948 ¢hrorresponds to (C-H) af-CH3 ando-CH2, peak 1720 crhis
responsible for (C=0) of (C-O0) bonds, peak 1446 awrresponds to (C-H) af-CH3 and
(C-H) of (O-CH3), 984 ci is connected with the (O-CH3) bonds and 595" ¢an (C-COO)
and (C-C-O) bonds [45]. Peak 2415 tim connected with the diamond vibration [46].

Figure 61 shows variety of peaks
connected with PMMA. All the carbon

80~

o related peaks were presented above

nevertheless, the crucial ones are those

40

intensity

of silver nanoparticles: 239 ¢h{Ag-
0) and 1057 ci (NOs) [42].

T
0 2000

Raman shift [cm'l]

Fig. 62. Raman spectroscopy for silver nanopasiiieorporated into PMMA fibers
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The Raman spectroscopy figure shows
the dominating bands connected with
poly methyl methacrylate bonds

described above. What is more peaks:

intensity

370, 476 and 595 cm-1 possess typical

values for titanium dioxide anatase

0 i nanoparticles [43-44]

T
0 2000

Raman shift [cm™]

Fig. 63. Raman spectroscopy for pianoparticles incorporated into PMMA fibers

3.2.6. Bacteriatest

Bacteria tests of membranes were held in CIBA asthia case of nanoparticles

suspensions. Figures below present the resultgelta

Three different membranes

1E+10 1 were examined: AgNW +

100000000 PMMA, AgNP + PMMA

1000000 and TiQ+ PMMA. PMMA
10000 - membrane was also
100 - examined as a control

1 sample with no killing

PMMA  AgNW  AgNP Tio2  Tio2+UV | bacteria  process being

CFU/ml

Fig. 64. Bacteria test of silver nanoparticles meanbk againss. aureus observed.

Moreover, TiQ membrane without UV illumination exhibits littleabtericidal effect. The
AgNP membrane has the highest bactericidal actduiy, not only to the higher activity of
the filler, but also due to its higher concentnatio the fibers.

3.2.7. Mechanical resistance

52
Several measurements were carried out in orderadeepthe mechanical resistance of a

membrane. The experimental setup was placed ihdbd as it is demonstrated in the figure

below. Distilled water was poured to the glass eesnd transferred through the Pall
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Corporation filter holder by the CHMLAB group filtavith the membrane inside. Pressure,

which is an external driving force was requiredbnder to increase the flow velocity due to

high hydrophobicity of the membranes, discussetiemext section.

Fig. 65-66 Visual representation of a AQNWs + PMMlectrospun membrane and setup filtration with the

membrane inside the filter holder.

Pressure and the time needed to fill 10 ml glas&kdrewith water were measured hence, the
flow rate of a membrane was calculated. . The pressas increased until the destruction of
the membranes. AgNP + PMMA membrane was the ongywaimich withstood until 40 kPa.

Moreover, mechanical resistant of chmlab commeroi@nbrane was measured as well and
the pressure values were kept constant in orddmaiee comparable results even if the

commercial membranes was not destroyed after tkeatpre.

E=—A E—A

Q [ml/sec]
Q [ml/sec]

T T T T 1
20 22 24 26 28 30 + + +
pressure [kPa] 24 32 40

pressure [kPa]

Fig. 67. Graphic representation of flux ofig. 68. Graphic representation of flux of
AgNW+PMMA membrane with the maximum fluxAgNP+PMMA membrane with the maximum flux

equal to 3,74 [ml/sec] equal to 10 [ml/sec]
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Fig. 69. Graphic representation of flux ofig. 70. Graphic representation of flux of commaici
TiO,+PMMA membrane with the maximum fluxchmlab group membrane with the maximum flux

equal to 10 [ml/sec] equal to 1,88 [ml/sec]

The value of the flux was measured at the lastlablai pressure, before the membrane
destruction. Differences in values might be conecivith high hydrophobicity of the
membrane, worse particles distribution characierigside the polymer fibers that affect the
mechanical properties. The highest flow rate wasikgted by AgNP in situ and titanium
dioxide membranes probably due to the best andhthst uniform particle distribution which
could lead to most homogenous porosity. In the casdver nanowires membrane where the
particle distribution was not uniform, there colle a problem with agglomeration in some

places so the flux was lower.

3.2.7.1.Nanoparticles stability in the membrane

During the water transfer through the membraneethgas a probability of eluting
nanoparticles from the polymer fibers. That is wittyaviolet visible light spectrophotometer
was used in order to ensure that no nanopartidlespeesent in the permeate after the

filtration. Results are presented in the figureolel
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Fig. 71 UV-VIS absorption spectrum of the membrame

the water solution

The same results were obtained by more accurateosheialled Inductively coupled plasma
atomic emission spectroscopy (ICP-AES). This tegphaiis used in order to detect trace
metals. It uses inductively coupled plasma to peedexcited ions and atoms that emit

electromagnetic radiation with the characterist@velengths for a particular element. The

Nine samples were prepared, for
three kinds of membranes and at
three different pressures. All the
results were the same, so only one is
presented in figure 70. Any
characteristic peak for nanoparticles
is visible, which indicates the
absence of any nanoparticles in the

permeate.

intensity of this emission indicates the concerdrabf the element in the sample [18].

3.2.8. Contact angle

The contact angle measurements indicate the hydbogty or hydrophilicity of the

material. It is an angle where a liquid/vapor ifdee meets a solid surface. It describes the

wettability of a solid surface [18].

Fig. 72 An example of a contact angles

measurements of water drop on a lotus leaf [18].

The measurements were carried out in the FaculBGENCE in the University of Zaragoza,

Values of the contact angle directly
represent the properties of the material.
0°-90°- hydrophilic material
90°-12¢-hydrophobic material
>120-super hydrophibic material [18]

Spain with the optical tensiometer Theta Lite 1§1Akiension.
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Four membranes were tested: AQNP + PMMA, AgNW + PMNIO, + PMMA and PMMA

without nanoparticles with two measurements forhed®esults are presented in the table

below:
AgNP+PMMA 118,47 All three membranes exhibit hydrophobic or
super hydrophobic roperties.  Control
AGNW+PMMA 120,08 per  Tyarop prop
sample of PMMA without nanoparticles is
TIO+PMMA 124,08 hydrophobic as well but possesses lower
PMMA 92,88 values of contact angle. The addition of

Table. 12. Contact angle values for eleCtrOSplilﬁorganiC filler was already known as a
membranes . .
method to incresase the hydrophobicity of

membranes [48].

4. Conclusion

The silver nanoparticles and silver nanowires vegreghesized by the polyol method. The
titanium dioxide nanoparticles were synthesizedtly sol-gel method with the use of
microwaves. Three different kinds of electrospunmhbeanes were fabricated. Variety of
characterization methods were used in order to kchegl distribution of nanoparticles,
diameter size, bactericidal effect and mechaniesistance of membranes. The comparison to
the commercial membranes were taken into accouwvelisResults presented in the previous
sections prove the AgNP in situ method fabricateaorane being the best in terms of the
most uniform nanoparticles distribution, the stresig bactericidal effect and the most
mechanically resistant with the highest water fli¥anium dioxide membrane possesses
similar properties however illuminating it by UVnig each time might be time consuming
and complicated from industrial point of view artdis no effective for Gram negative
bacteria. What is more, the production of silvemgyzarticles in situ membrane is the cheapest
among all three membranes. The production of susmimnanes is fast and simple. All of the
three membranes are hydrophobic thanks to the namabpolymeric support and the
fabrication technique. Moreover, hydrophobicityinsproved by the presence of inorganic
fillerssx. Thanks to the hydrophobic properties plossible fouling, swelling or fast damage
of a membrane might be avoided. Water passing ¢firane membrane will not stay inside
for a long time but will elute very fast thanksao external driving force. The comparison of

the chmlab and prat dumas commercial filters wexeceated. Results of prat dumas
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commercial filter are not presented due to impraueface behavior of the filter in the water
flow with an external driving force. The future woof the project would be improving the
mechanical resistance of a membrane and findingahgenient and commercial fabrication

process.
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6. Appendix 1: Cost estimation

The comparison of the filter prices between commérchmlab group filter and
electrospun fabricated membranes were done. The ba&how shows the cost estimation of
producing one membrane in comparison to the comaleyne. The costs were based on the

Sigma Aldrich prices for chemicals and the amodrines required for the synthesis [49].

Name Brand Price(€) Amount
Silver nitrate Sigma Aldrich 89,60 25¢
Ethylene glycol Sigma Aldrich 46,40 100 mL
Polyvinylpyrrolidone Sigma Aldrich 35,60 50¢g
Absolute ethanol Sigma Aldrich 65,50 500mL
Titanium Sigma Aldrich 35,30 100mL
isopropoxide
Acetic acid Sigma Aldrich 28,90 500mL
Poly(methyl Sigma Aldrich 148,50 500MG
methacrylate)
Acetone Sigma Aldrich 47,80 1L
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N,N-dimethyl Sigma Aldrich 121,50 1L

formamide

Table 13. List of chemicals used in the AgNP, AgNMO, membranes synthesis with prices and amounts

Reagent Number of possible Price for one synthesis (€)
synthesis/reagent
Silver nitrate 25/0,169=147 89,60/147=0,6
Ethylene glycol 100/20=5 46,40/5=9,28
PVP 50/0,166=299 35,60/299=0,12
PMMA 500MG/6,4=78125000 | 148,50/78125000=0,0000019
DMF 1/0,0018=555 121,5/555=0,22
Acetone 1/0,0012=833 47,8/833=0,06
Total price 10,28 (€)

Table 14. Total price of AQNW + PMMA membrane protion. Amounts of all the
reagents required for the synthesis were takenaotount.
The same calculation procedure was implementedase ©f titanium dioxide and silver

nanoparticlesn situ membranes. The total price of Li@embrane was 5,26 € and 0,77€ of
AgNP in situ, which makes it the cheapest membrane.
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