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Abstract

Due to the scarcity of clean water in many regions of the world, seawater
desalination and wastewater treatment start to play a crucial role for future water
supplies. Currently leading technology of membrane water treatment is based on
conventional technologies (reverse osmosis, nanofiltration, ultrafiltration and
microfiltration) consuming high amount of energy. One of the ways to solve the
problems with overconsumption of energy is to use forward osmosis (FO). FO is a
relatively new membrane-based process that can significantly upgrade water
treatment technologies. Since it employs membrane technology, the performance
of the forward osmosis water treatment directly depends on properties of the

membrane whose performance highly vulnerable to fouling activities.

One of the ways to increase membrane performance is to use aquaporin-
biological protein that forms selective natural water channels that facilitate water
permeation when integrated into a membrane. Aquaporin membranes have
received increasing attention because of their high water permeability and superior
selectivity. However, the usage of aquaporin membranes as a selectively
permeable material has its risks of accumulation of small biological organisms and

organic compounds that impede functionality of membrane. Thus, there is a need



for biological and organic fouling mitigation for the production of optimized

membrane.

This study proposes aquaporin membranes coupled with silver nanoparticles
(Ag-NPs) that are known as highly efficient biocidal materials. Also, silver
nanoparticles are revealed to be efficient against organic macromolecules that can
result from secretion of extracellular polymeric substances (EPS). To understand
how addition of Ag-NPs influence on properties and performance of water
filtration membranes, original aquaporin based membrane is experimentally
examined. Then, membranes modified with nanoparticles is tested and compared
with original membrane. In this study two hypotheses were suggested: Whether
silver nanoparticles inhibit the functionality of aquaporins; if no, whether silver
nanoparticles are able to decrease organic compounds and resulting biofouling,

which cause significant damage to membrane treatment processes.

Method of the modification consisted of several parts, which included
synthesis of silver nanoparticles based on the procedure suggested by Geuze and
Slot, and the process of modification of the membrane itself. Performance
assessment was conducted by observing effect of Ag-NPs on baseline experiments
and post-cleaning water flux change. Results of conducted experiments
demonstrate that aquaporin membrane was successfully modified with silver

nanoparticles. Silver nanoparticles improved the qualities and functions of



aquaporin membrane, which resulted in optimization of water treatment process.
Moreover, modification of aquaporin membrane with silver nanoparticles improves

antibacterial properties of membrane.

Keywords: forward osmosis, aquaporin, silver nanoparticles, biofouling,

organic fouling, FTIR, zeta potential, SEM, flux loss, cleaning.
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Chapter 1 — Introduction

1.1.  Water problem

Throughout history of human being clean water was an irreplaceable part of
daily life. It always been demanded for such vital purposes as agriculture, industry
and household use. As a result of the world population growth, need for energy
conservation, improper water management, climate change and high potential for
future water need, water challenge has become global issue that need to be
addressed [1]. According to the statistics provided by United Nations, 1.2 billion
people lack access to fresh drinking water and 1.7 billion people live in areas with
insufficient water infrastructure [2]. According to the World Health Organization
(WHO), poor water quality has lead to death of 3.4 million people each year
caused by water related infections [3]. In addition to this, agriculture sector also
suffers from lack of improved water which leads to decrease of food supply and
famine in some regions of the globe [1]. Thus, it is seen that the effect of poor
fresh water supply requires action to address current problem thus to improve

treatment technology.

1.2. Membrane processes
Membrane technology is used in wide spectrum of applications in water

industry to produce high quality water for different purposes. Membrane separation



technologies considered as the emerging water treatment technology among
conventional water treatment technologies such as disinfection, distillation and
media filtration. This owes to the fact that membrane technologies unlike processes
above do not require chemical additives, heating and therefore use less energy [4].
What is more, from aspect of energy efficiency membrane technology is good

solution in terms of sustainability and energy savings [4].

Looking at the history of the use of membranes in industry, one can find that,
despite the fact that it was used in science since the mid-18th century, it became
more widely used for desalination in the 1970s [5]. Over time, the capabilities of
the membrane were further explored, and the new features discovered were used
for broader purposes. Starting from the 21st century, the use of membrane
separation processes for industrial purposes has attracted increasing attention of

industry as well as academia [1].

In general, membrane plays a key role in water treatment processes and it is
defined as selective barrier that allows some constituents to pass through and

others to hold, in other words to separate permeate from feed stream (Figure 1-1)

[4].
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Figure I-1. Graphical representation of general filtration process

The diluted solution that passes through the membrane is known as permeate, and
the remaining concentrated solution is defined as retentate or brine [5]. Driving
force for movement of permeate through membrane can vary from pressure
difference, concentration difference, temperature difference or electric potential
difference based on processes applied for water treatment [5]. Depending on the
properties of the membrane and the properties of the dissolved particles, the

permeability and the lifespan of the membrane are controlled.

Depending on the configurations operated, the membrane process is divided
into dead-end filtration and cross-flow filtration. The process in which the input
solution (feed) moves parallel to the surface of the membrane and two streams are

formed (retentate and permeate) is known as cross-flow filtration (Figure 1-2).
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Figure 1-2. Diagram of (a) cross-flow filtration and (b) dead-end filtration

Cross-flow filtration is different from dead-end filtration, in which feed solution is
passed through a membrane, particles are retained in the pores, and permeate is
released at the other end. Cross-flow filtration got its name because most of the
feed solution moves tangentially across the entire surface of the membrane, and not
into the surface. The main advantage of this is that foulants (which clog the
membrane) are largely washed out during the filtration process, which increases
the duration of the filtration process. This can be a continuous process, as opposed

to dead-end filtration [6].

1.3. Classification of conventional membranes
It is known that a conventional membrane is a pressure-controlled
membrane that has worked well in industry [2]. The choice of membrane depends
on the desired targets, the substances to be removed, and the purpose of the

permeate flow [2]. Membranes are usually classified based on pore morphology,



the ability to reject certain types of composites and the materials from which they

are made.

Based on their morphology, the commonly used synthetic membranes are
divided into two subgroups: isotropic and anisotropic [7]. Isotropic membranes are
known as symmetric membranes that have a uniform pore thickness distribution. In
anisotropic membranes, also called asymmetric membranes, the properties of the
pores change throughout the thickness [8]. In most of membranes processes in
practice membranes consist of two layers, with different type of pore structure in
each. Top layer, also called “active layer”, is usually microporous ultra-thin
polymeric layer, which has been placed over polymerized macroporous support
layer [8]. The supporting layer is responsible for the mechanical strength of the
membrane, while the top layer ensures the selectivity of the membrane (Figure 1-

3).

a) Symmetric (isotropic) b) Asymmetric (anisotropic)
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Figure 1-3. General structure of a) symmetric and b) assymetric membranes



This type of membrane refers to thin-film composite membranes (TFC). The main
advantage of TFC membranes over other membranes is that the chemical
composition and, thus, the properties of the active layer and supporting layer can

be individually selected to optimize the performance of water treatment [4].

Based on the membrane pore diameter membranes are classified into three

subgroups [9]:

* Macroporous membranes (d> 50 nm), applied for microfiltration and

supporting layer [8];

* Mesoporous with 2<d<50 nm, used as supporting structures or in

ultrafiltration water purification [9];

* Microporous with 0,5< d< 2 nm, highly selective for divalent and

monovalent 1ons [9];

There are several types of membrane technologies in the industry, which are
controlled by membrane properties and characteristics. The main conventional
membrane technologies are: microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF) and reverse osmosis (RO)[10], as shown in figure 1-4.
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Figure 1-4. Ranges of applications of conventional membrane technologies [10]

Based on the size and structure of the pores, membranes can be made from

different materials [6]. There is a wide range of synthetic polymers used for MF,

UF, NF and RO. RO membranes are often made from cellulose acetate (CA) or

polysulfone (PSf) coated with aromatic polyamides (PA) [12]. NF membranes are

also made from same materials as RO, but in some cases they are made from

modified UF membranes (sulfonated PSf) [12]. UF are typically made from

polyvinylidene fluoride (PVDF), PSf, polyacrylonitrile (PAN), polyvinyl chloride

(PVC) and polyethersulfone (PES) [12]. MF membranes are synthesized almost

from same materials as UF but under different conditions [13].

In addition,



membranes can also be made of inorganic materials like ceramics or metals, for

use at high temperatures or as a support [13].

1.3.1 Microfiltration

MF is physical filtration process based on size exclusion mechanism that
uses semipermeable membrane to retain suspended particles having colloidal size
with diameter from 0.05 to 1 um [14,15]. MF is crucial part of primary water
treatment, which limits the passage of pathogens and colloidal particles through
pores of the membrane. In addition, this type of water treatment process is popular

among consumers of membrane treatment technology showing best sales on the

market [16].

1.3.2 Ultrafiltration

UF refers to filtration process operated at 2-10 bar pressure to separate
macromolecular solutes, colloidal and microorganisms [1]. UF membranes are
usually used as a pre-filtration technique for retaining process as RO and NF [5].
UF membranes are used to purify solutes varying from approximately 300 to
500000 Da, with a pore size in the range of 1-100 nm [16]. The process has been
widely recognized as a substitute for coagulation, flocculation, sedimentation and

sand filtration or as an autonomous system for separate regions [5, 17].

1.3.3 Nanofiltration



NF is diffusion controlled membrane process that is mainly applied in water
treatment for “softening” purposes or , in other words it restricts flow of scale
forming divalent ions (Ca®, Mg®") and some simple organic compounds [4].
Relative to UF and MF, NF is operated at high pressures: 0.5-2 MPa [16, 17]. It
also has wide application for moderate nonorganic removal and high organic
removal of fresh groundwater and surface water that has low dissolved content of
substances in a colloidal or ionized form [17]. NF membranes have characteristics
of removing substances around 1000 Da, therefore the membrane is capable of

removing herbicides and pesticides [1, 10].
1.3.4 Reverse osmosis

RO 1is a high pressure water treatment process that is mainly used to
desalinate seawater or brackish water [11]. RO membranes theoretically are able to
remove all types of contaminants [10]. The work of RO is based on the diffusion of
salts and ions against the concentration gradient [19]. Thus, to achieve this, a
relatively large amount of energy is used in the reverse osmosis process at a

significantly higher pressure than the above-mentioned filtration processes [20].

Based on the morphology, RO membranes are classified as asymmetric skin-
type membranes and consist of polymeric materials such as cellulose acetate and

aromatic polyamide [16]. In addition, the membranes have the smallest pore size
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(0.3-0.5 nm), which allows to avoid the permeation of monovalent ions and
organic molecules [10, 19]. Due to the extremely small pore size, RO membranes
have more than 99% rejection of inorganic salts [16]. The effectiveness of RO
depends largely on the performance of the membrane and the filter solution

supplied.

1.4. Forward osmosis
Forward osmosis (FO) is the process of movement of water through a
semipermeable membrane due to osmotic pressure between two solutions with
different concentrations of solute [21]. In FO, a semipermeable membrane (FO
membrane) is placed between the concentrated solution and the diluted solution,

which are classified as feed and draw solutions, respectively (Figure 1-4) [22].

Forward Osmosis Reverse Osmosis

Osmotic Force
pressure (aP)

Pure Water

«--=-=->

Pure Water

 row ] v >
A Semi-permeable Membrane _M

Figure 1-5. Water flows of forward osmosis and reverse osmosis
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Using the difference in osmotic pressure to ensure water permeation through
the membrane, FO can solve the main drawback of pressure-controlled hydraulic
processes: the need for energy. The process of increasing availability and access to
freshwater is an energy-intensive process. It is here that the natural advantage of
FO arises: FO is a natural process that occurs in the cells of all living organisms
and is aimed at transporting water through the cell [22]. The natural origin of direct
osmosis makes it more favorable among other aforementioned traditional
membrane processes, employing the difference in osmotic pressure as a driving

force [22].

The theory underlying the movement of water through membrane phenomena
lies in the second law of thermodynamics, which states that the degree of disorder
(entropy) of an isolated system cannot decrease [21]. This means that the system is
always trying to achieve maximum entropy or a state of equilibrium. In the case of
two different solutions separated by a semipermeable membrane, from the
thermodynamic point the water moves towards the establishment of equilibrium.
Thus, in the process of direct osmosis, water is diffused so that both sides are

equally concentrated.

The relationship between osmotic and hydraulic pressures and water flux is

described by following simple equation:
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Jw =Am—AP) (1)

where, J,, 1s water flux, 4z is the difference in osmotic pressures, AP is the
hydrostatic pressure difference and A4 1s the hydraulic permeability of the

membrane.

The ability of the processes caused by forward osmosis to conserve energy and
supply a large amount of water has shown promising potential in water purification
and desalination. However, FO membranes are subject to a number of problems,
which include concentration polarization, relatively low water flow and membrane

fouling [23].

1.5.  Aquaporin incorporation

The need to modernize FO membranes has initiated several studies to
optimize membrane properties, which include the use of nanoparticles as zeolites,
carbon nanotubes and graphene-based materials [24]. In addition to these new
chemicals, the most promising results were obtained by aquaporins. Aquaporins
are transport channel proteins in the cell, which can only carry water particles and
reject small molecules such as chlorides, ureas, dissolved gases and protons [24]
[25]. In addition, the permeability of these protein channels can reach up to one
billion water molecules per second, which is significantly superior to conventional

membranes [26]. Zhao et al. [27] successfully demonstrated properties of the
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modified by aquaporins with high water permeability and salt removal, which were
embedded into the surface of the PA layer of TFC membrane. Thus, the obtained
research results confirm the need for close attention to the development of

biomimetic aquaporin membranes.

Aquaporin membranes are considered biomimetic or bio-inspired
technologies. Cell membranes are barriers that allow only small particles to pass
through and selectively restrict the transport of molecules such as carbohydrates
and amino acids [13]. This phenomenon of transport across the cell membrane with
the help of proteins is adapted for water purification and desalination processes.
Currently, the manufacture of bioengineering membranes is possible by embedding
aquaporin into the active layer of TFC membranes by interfacial polymerization-
membrane preparation [26]. It has been shown that aquaporin-based membranes
provide high permeability and selectivity, which positively impacts such aspects as

performance, membrane fouling and economy.

To check whether aquaporin membranes are applicable in “realistic”
circumstances, a study by Li et al. [31] modeled conditions that may affect
membrane properties. Under extended conditions, membranes are usually exposed
to cleaning chemicals, and therefore it is important to know how membrane
properties change over time. Flow changes were caused by changes in TFC

aquaporin membrane properties when hydrogen chloride (HCI), Sodium
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hypochlorite (NaOCl), and sodium dodecyl sulfate (SDS) were used as chemical
detergents, while Alconox (commercial anionic detergent solution) showed the
greatest effect on aquaporin membrane [31]. The authors of the study concluded
[31] that for all the tested cleaning agents, a very high salt removal (> 98%) was
observed even after chemical cleaning. However, a significant flux change caused
by chemical cleaning agents may be a potential problem of aquaporin membrane

aging in future long-term deployment.

1.6. Fouling

Even FO has great potential in water treatment applications, there are some
limitations that prevent its full-scale and continuous use. Membrane fouling
appears to be the main cause of flux decline due to the accumulation of
contaminants on the surface and inside the membrane [28]. In general, the
membrane fouling could be divided into four main types: inorganic (mineral
precipitation), colloidal (particle buildup), organic (natural organic matter and
humics adsorption) and biological (biofilm formation) fouling [28, 29]. Among
these categories of fouling the organic and biological fouling are considered as the

most severe limitations of aquaporin TFC membranes [29].

In FO process, fouling caused by organic materials is more severe than
inorganic materials [28]. Membrane organic fouling is usually initiated by cake

layer formation on the membrane surface due to natural organic matter (NOM)
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adsorption and deposition. In addition, more fouling problems are due to ability of
NOM to easy react with other substances on the surface of membrane. Main

organic foulants are known to be: alginate, humics, bovine albumin and etc.

Membrane biofouling is a dynamic process of microbial growth at the
membrane surface, consequently, leading to the decline in permeability, membrane
lifespan and increase of operational cost. The problem of biological fouling is
caused by the formation of a biofilm containing organic macromolecules secreted
by microorganisms. Such organic substances are also known as extracellular
polymeric substances (EPS) that evolve on the surface as a result of settlement of
byproducts of alive and dead microbial cells [30]. In an experimental study, a
comparison of TFC and cellulose-based membranes in osmotic membrane
bioreactors was provided by X. Wang et el. [32], it was demonstrated that several
factors affect on biofilm growth, including pH, temperature and hydrophobicity.
Furthermore, using confocal laser scanning microscopy combined with multiple
fluorescence labeling it was found that biofoulants deposited on the FO membrane
surface during long-term operation of osmotic membrane bioreactors are mainly
composed of a-D-Glucopyranose polysaccharides (a-polysaccharides), B-D-
Glucopyranose polysaccharides (B-polysaccharides), proteins and other organics as
heteropolysaccharides, lipoproteins. As the result of biofouling in combination

with organic fouling the overall loss of water flux of TFC membrane in 32 days
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period dropped from around 15 to 5.5 L/m*hr (LMH). The EPS of the biofilm is
altered by the complexion of divalent cations with polysaccharides, forming a bond
between divalent ions and carboxyl groups of polysaccharides, thereby changing
the EPS matrix into a strongly interconnected network [34]. The structure of
biofilm gets denser, more stable and cohesive, while the volume and thickness of
the biofilm increase. This study has shown that EPS form media matrix that
enhances bacterial growth, as well as membrane biological and organic fouling

which eventually influence membrane performance.

The formation of biofilm follows a phased path and includes several stages
that develop sequentially. Within the first few minutes, the polysaccharides,
proteins and other micro-substances form conditioning film that further facilitates
attachment of free-floating protobiofilms [31]. Several hours later, the EPS
contribute to irreversible biofouling and organic fouling employing dipole-dipole
forces and hydrogen bonding [31]. A few hours later, constant secretion of
polymeric substances leads to the formation of an organized multi-layered mature

biofilm structure that is built in the EPS matrix (Figure 1-6).
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Figure 1-6. Schematic representation of the bacterial biofilm formation on an impermeable
surface [30]

The tendency to biofouling is closely related to the characteristics of the feed
solution, since it is varied by the abundance of bacteria and the presence of
dissolved oxygen and organic material, as well as ionic properties and pH. High
organic material and bacteria concentrations enhance the formation of conditioning
cover at initial stages as a part of organic fouling [35]. The ionic strength of the
feed solution can decrease the electrostatic repulsion by compressing the electrical
double layer of contaminants and resulting in fouling [30] [35]. Several minutes
later, such characteristics of the feed solution, as pH, as well as the availability of
oxygen affect the growth rate and productivity of bacteria further [35]. It has been
found that divalent cations as calcium play a key role in the biological and organic

fouling, as they increase the adhesion of cells to the surface of the membrane [36].
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1.7.  Concentration polarization
As a rule, concentration polarization defines a rise in the concentration of
constituents on the membrane surface that reduces effectiveness of membrane
performance. This causes a decrease in the flow of water, since the local osmotic
pressure change and is currently different from the osmotic pressure in the

solution. [37].

One of the types of concentration polarization is internal concentration
polarization (ICP), which creates crucial drawbacks in FO. ICP takes place as
results of the dilution of draw solution at boundaries of the porous structure of
support layer due to permeation of water through active layer. Thus, the osmotic
pressure decreases at the boundary of support layer due to the dilution, and
consequently, the osmotic gradient across the active layer declines as well, which

causes the water flux decrease [37].
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Figure 1-7. Illustration of ICP through asymmetric FO membrane in active layer facing feed
solution

1.8. Fouling mitigation by silver nanoparticles

Modifications of FO membranes can be carried out by means of surface
hydrophilization to reduce bacterial adhesion and organic fouling; modification of
the surface for bactericidal effects and combination of both. The coatings with
various chemicals are designed to hydrophilize the membrane, in order to prevent
organic layer formation. To control bactericidal properties on the membrane
surface anti-bacterial effect is dominated by implication of silver nanoparticles

(Ag-NPs) [38].
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Membrane modification using Ag-NPs is a promising option for mitigation
of biological fouling of membranes. The use of silver nanoparticles has the
potential to achieve the required long-term permeability of the membrane along
with antimicrobial properties that limit the mutual interaction of microorganisms
with the surface of the membrane [39]. Silver ions and silver nanoparticles have
antibacterial properties; therefore, membranes containing silver nanoparticles can

be a great advantage in wastewater treatment.

It is known that silver is toxic for a wide range of microorganisms; thus
compounds based on silver were widely used in many bactericidal applications.
Bactericidal mechanism of silver ions on microorganisms is well known; ionic
silver strongly interacts with thiol groups of vital enzymes and inactivates them.
Experimental evidence suggests that DNA loses its ability to replicate after the
bacteria have been treated with silver ions [40]. Some instances of silver
application should be mentioned, such as inorganic composites with a slow release
rate of silver, which are currently used as preservatives in various products;
another current application includes new compounds consisting of silica gel
microspheres that contain a complex of silver thiosulfate that are mixed with
plastics for long-term antibacterial protection. Silver compounds have been used in

the medical field to treat burns and various infections [41].
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Ag-NPs have antimicrobial properties due to several mechanisms. First
released Ag+ could interact with disulfide or thiol groups of DNA enzymes and
disrupt metabolic processes that generate reactive oxygen species or interrupt DNA
replication [42]. These processes can lead to damage or death of bacterial cells. In
addition, silver nanoparticles can also be attached to the surface of cells and disrupt
their proper function. Finally, silver with a particle size of 10 to 50 nm are able to
penetrate into the bacteria and lead to further damage by interacting with

compounds containing sulfur and phosphorus [41].

1.9. Research significance and objectives

Although forward osmosis membranes are efficient for water purification, they
suffer from formation of biofilm and cake/gel layer of organics on a surface of the
membranes. Up to our knowledge, no significant research for the biological and
organic fouling of aquaporin forward osmosis membranes had been performed
before. Therefore, this study aims to provide important insight for biological and
organic fouling of aquaporin forward osmosis membranes and impact of silver
nanoparticles on their behavior. It is known that silver nanoparticles possess anti-
microbial properties and can prevent potential growth of of microorganisms and
EPS on the surface of the membrane. However, there is a possibility of silver
particles to inhibit the functions of aquaporins, which will immediately destroy

aquaporins ability to filter water molecules [43]. Therefore, for this study two
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hypotheses were suggested and addressed: Whether silver nanoparticles inhibit the
functionality of aquaporins; if no, whether silver nanoparticles are able to decrease
organic and biofouling, which are significant drawbacks in membrane treatment

Processces.

To this end, this study included immobilization polyamide TFC FO membranes
with covalently attached silver nanoparticles to make them less vulnerable to
biofouling and organic fouling. The membranes were characterized before and
after attachment for their properties and filtration performance through variety of

equipment. To achieve this following tasks were carried out:

1. Synthesis of silver nanoparticles;

2. Characterization of Ag-NPs;

3. Chemical attachment of Ag-NPs;

4. Characterization of membrane, before and after modification;
5. Fouling experiments with pristine and modified membranes;
6. Cleaning of pristine and modified membranes;

7. Analysis, interpretation and explanation of results of experimental work;
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Chapter 2 — Materials and methods

2.1 — Materials
Calcium chloride (CaCl,), sodium chloride (NaCl), alginate (ALG), Bovine
serum albumin (BSA), tannic acid (TA), silver nitrate (AgNO;), potassium
carbonate (K,COs), sodium citrate, potassium chloride (KCI), hydrogen chloride
(HCI), potassium hydroxide (KOH) and cysteamine were purchased from Sigma
Aldrich (USA). Microbiology agar used in preparing plates for disk diffusion test
was obtained from Merck (USA). All chemicals in this study were used without

further purification.

All glassware used (graduated cylinders, volumetric flasks, vials, media
storage container, etc.) were subjected to a detergent wash followed by three rinses
with distilled water. The deionized water (DI) was provided by a Milli-Q-Pad

(Germany).

FO flat test “Aquaporin Inside TM” membrane sheets were obtained from
Aquaporin A / S (Denmark). The membrane was manufactured by interfacial
polymerization to obtain a TFC membrane and aquaporin water channels are
embedded on the surface of the active layer using the Aquaporin Inside technology

[44]. The active layer consists of a thin dense layer of polyamide (PA) with a
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thickness of 30-100 nm, formed on the surface of a polyethersulfone (PES) layer

with a thickness of 110 um [44].

2.2 — Modification methods
2.2.1 — Synthesis of silver nanoparticles

The silver nanoparticles were synthesized based on modified protocol of Geuze
and Slot [45, 46]. The synthesis process was carried out using reducing solution of
TA and K,CO;, and both as reductant as well as stabilizing agent of sodium citrate
[46]. A 20 ml of freshly prepared solution of sodium citrate (9.70 mM) containing
tannic acid (1%, 0.1 ml) and potassium carbonate (1%, 0.1 ml) was heated to 60 °C
and added with vigorous stirring to 80 mL of 69 uM AgNO; preheated to 60 °C.
The mixture was placed on hot plate stirrer and boiled for 5 minutes until its color
turned to dark yellow or brown. After all processes mixture cooled down at room

temperature and adjusted to 100 ml.

2.2.2 — Attachment of Ag-NPs

Due to the advantages of using silver-based compounds to control fouling,
silver nanoparticles can be successfully attached to the surface of the polyamide
TFC membrane by covalent bonding using cysteamine as a bridging agent. As it is

seen in Figure 2-1, the polyamide surface treated with a thiol by reacting with
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cysteamine in an ethanol solution reacts with silver nanoparticles by means of

chemical binding of Ag-S (TFC-AgNPs).

HS HS 32 S2
\ /o HZN\/\SH HN\C//O HN\C//O HN\ /
OC\steamme 0 AgNP 0
Pristine TFC TFC-SH TFC-AgNPs

Figure 2-1. Covalently binding of silver nanoparticles to TFC membrane [48]

For chemical binding of silver nanoparticles TFC membrane sample was
immersed in a cysteamine solution (H,N—(CH;),—SH, 20 mM, 50 ml) for 24 h at
50-60 °C. Then, membrane was washed with deionized water, and incubated in
contact with prepared Ag-NPs suspension (50 ml) for 12 h. After all, the
membrane sample was washed with deionized water and kept in distilled water at

4° C before use [47, 48].

2.3 — Chemical and morphological characterization

2.3.1 — Size and zeta potential of silver nanoparticles

Average size, size distribution and zeta potential of the synthesized silver

nanoparticles were acquired with a Malvern ZetaSizer Nano ZS (Malvern
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Instruments, UK) at a scattering light angle of 90 °. Size measurements were
conducted in 2.5 to 4 ml polystyrene cuvettes at 25 ° C, whereas results of zeta
potential of particles were obtained using folded capillary zeta cell (Malvern, UK).
Size and zeta potential of particles are obtained for specific pH (from 2 to 10)

range that were pre adjusted using KOH and HCI solutions.

2.3.2 — Zeta potential of membrane

To determine whether attachment of silver nanoparticles changes membrane
properties zeta potential of the top (PA layer) surface of FO TFC membrane
samples before and after modification were analyzed. Measurements of zeta
potential were performed by an electrokinetic analyzer (Anton Paar, Austria) in 10
mM KCI background electrolyte solution at pH ranging from 2 to 12. The acidity
and basicity of the solution were adjusted by addition HCI (50 mM) and KOH
(50mM) solutions, respectively. The experiments were conducted at 25 ° C and

pre-adjusted gap height between membrane surfaces of 100 pm.

233 -FTIR

Fourier-transform infrared (FTIR) spectra of pristine and modified
membranes were acquired on a Cary 660 FTIR spectrometer from the Agilent
Technology (USA). Results from spectral analysis include wave numbers varying

from 500 to 4000 cm™ with 64 scans at a resolution of 1 cm™,
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2.3.4 — Optical microscope

The surface of the TFC membrane was analyzed before and after modification
under the Leica DM4000 B Microscope (Germany). The microscope utilizes
different magnification (x4, x10, x40 and x100) objective lenses that are mounted
on the main eyepiece lens (x10). For acquisition of surface image under 1000

magnification special immersion oil was used.

2.3.5-SEM/EDX

Data collection from scanning electron microscopy (SEM) and energy-
dispersive x-ray spectroscopy (EDX) of dried pristine and modified surfaces was
performed by SEM Crossbeam 540 (Zeiss, Germany). SEM and EDX was used to
capture membrane surfaces and to determine surface topography by scanning them
with a beam of electrons. Prior the imaging of surface of the membrane, samples
were covered with 10 nm gold nanoparticles. EDX analysis is an analytical method
that was utilized for elemental analysis of the membranes and to identify changes

between virgin and modified membrane.

2.3.6 — Contact angle

The measurements of contact angle between water droplet and solid surface
of the membrane were collected to observe any change in hydrophilic properties

after attachment of the silver nanoparticles on the TFC membrane. The experiment
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was performed with aid of pipetter, that used to drop 0.05 ml of DI water on the
dried surface of the membrane. Right after water drop was in contact with
membrane surface the photo was taken and further used for identification of
contact angle. The rise of contact angle corresponds to a decrease in hydrophilic

properties and vice versa.

2.3.7—-XRF/XRD

X-ray fluorescence (XRF) and X-ray powder diffraction (XRD) experiment
was conducted in order to investigate the presence of silver nanoparticles. The
sample sizes were membranes of 2 cm in diameter. The equipment used for XRF is
Max PANalytical (The Netherlands). XRD analysis was performed with aid of

Rigaku SmartLab (Japan).

2.4 — Baseline and Fouling experiments

The baseline and fouling experiments were performed employing
laboratory-scale filtration wunit (CF042A-FO, Sterlitech, USA) which in
combination with feed pump, draw solution pump, magnetic plate stirrer, digital
scale and tanks imitate engineered forward osmosis process. The set up is designed
to simulate the dynamics of larger membrane elements applied in water treatment.

The schematic representation of forward osmosis set up is illustrated in figure 2-2.
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Figure 2-2. Schematic representation of FO lab scale setup

The draw solution is placed on the digital scale in order to take readings of
change in mass, whereas feed solution is placed on magnetic plate stirrer in order
to vigorously mix solution of foulants (feed). Both draw and feed solutions are
connected to pumps that control cross flow velocity of streams in order to transfer
solutions to inlet of membrane cell. Efficiency of aquaporin channels was tested at
12 cm/s, whereas fouling experiments were performed at 1.5 cm/s. Solutions
flowing into inlet of the membrane cell are flowing in opposite directions across
membrane piece which has active area dimensions of 9.2 x 4.6 cm, and the
membranes were placed horizontally with active layer facing feed solution. To

prevent accidental cracking or shrinkage of the membranes, the membranes were
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supported from top and bottom by spacers. Each experiment began with set up set-

up rinsing for 15 minutes with DI water.

In general, water flux demonstrates the productivity of membrane in unit of
volume per area of membrane per unit of time (litres per meter square per hour, or
LMH). Water flux is the water permeation rate across the membrane from feed
solution to concentrated solution in case of FO process. As it stated above, the
water flux (J,,) is measured by collecting mass change of draw solution over certain
time interval. The following equations (2 and 3) provide how to measure water

flux across the membrane and normalized flux:

mass change of draw solution

Jw = (2)

water densitysmembrane active areaxtime interval

Normalized Flux = £ 3)

0

2.4.1 — Effect of Ag-NPs on performance of aquaporin channels

To identify how modified membranes perform at different conditions, FO
filtration experiments were conducted. Pristine membranes underwent baseline
experiments in order to observe performance of aquaporin channels at different
flux levels. The experiments were done at low initial flux levels and high initial
flux levels to see how permeation rate can impact membrane performance. The low

level flux baseline experiments were done by adjusting initial flux to 5.5 LMH,
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while for high flux experiment the initial flux was set to 12.5 LMH. The
concentration of NaCl has been chosen in a way to reach a certain value of initial

flux.

Permeability studies were carried out in cross-flow filtration mode on
pristine TFC membranes and immobilized with silver nanoparticles membranes.
The measurement of water transfer through membrane from feed solution (diluted
side) to the draw solution (concentrated side) with and without foulants was
perfomed to observe any flux decline. Thus, it is important to perform baseline
tests (i.e., filtration experiments without addition of foulants to feed solution) in
order to distinct flux decline due to fouling from baseline behavior. The cross flow
velocity (CFV) for all experiments was 12 cm/s and membrane orientation always
was AL-FS (active layer facing the feed solution). The concentration of draw
solution for each baseline experiment was preadjusted for specified initial flux.
Since, the flux of membrane pieces varied from 0.5 to 3 LMH at a constant
concentration of draw solution, in each case the amount of salt added was adjusted
depending on the membrane sample to reach certain value of initial flux. For feed
NaCl (4 L, 10 mM) solution was employed. Experiments were also performed 6

hours at an ambient temperature (23 °C).
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2.4.2 — Effect of Ag-NPs on cleaning of membranes

The effect of silver nanoparticles on performance of membrane after cleaning
(surface rinsing, osmotic backwash and CFV magnification) processes were
studied by conducting fouling experiments. In these experiments organic foulants
(ALG, BSA, TA) were employed to simulate real water/wastewater. Thus, feed
solution for all experiments had following concentration of compounds: 100 ppm
of BSA, 100 ppm of ALG, 100 ppm of TA, 10 mM of CaCl, and 10 mM of NaCl.
Whereas, draw solution was prepared by pre-adjusting concentration of NaCl

solution to initial flux of 7.5 LMH.

In experiments, biomimetic membranes with and without Ag-NPs were tested
in simulated membrane cleaning processes. The effect of cleaning on water flow
was evaluated by conducting two consecutive runs of fouling experiments,
between which a specific cleaning procedure was performed (rinsing the surface,
osmotic backwashing and increasing CFV). To be able to interpret the results, the
pristine membranes in the first run were fouled up to 50% flux loss, and then one

of the following cleaning procedures was performed:

* Surface rinsing: increase CFV from 1.5 cm/s to 6 cm/s for 10 minutes;
* Osmotic backwash: change orientation to AL-DS for 10 minutes, at 1.5

cm/s;
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* CFV magnification: increase of CFV from 1.5 cm/s to 6 cm/s for next run

of fouling experiment.

It should be noted that after every 6 hour of fouling membranes underwent

relaxation.

The second run of experiments was carried out under the same conditions as
the first, but with a limited experiment duration of 6 hours. After completion of
experiments with pristine membranes, the modified membranes were subjected to
the same experimental procedures, and the results were compared with primary

membranes.

2.5 — Antimicrobial properties of modified membrane

For antibacterial investigation suspension culture of E. coli was prepared.
I mL of overnight E. coli culture was inoculated into a Lysogeny broth (LB) for
bacterial growth in a laminar flow chamber and then placed in an incubator
overnight at 37 °C with continuous shaking at 150 rpm. For the disk experiments,
portion of prepared suspension culture of E. coli was spread onto several plates of
bacterial growth medium. Equal portions of original and modified membranes
were placed onto plates with agar in contact with active layer of the membrane.
After incubation for 24 h under 37 °C the colony forming cells beneath the

membrane samples were examined.



Chapter 3 — Results and Discussion

3.1 — Characterization of Ag-NPs
3.1.1 — Size of AgNPs
The synthesized silver nanoparticles were analyzed for size distribution as a
function of pH. In Figure 3-9 size of nanoparticles are plotted for pH range from 3

to 10. The graph reveals that pH conditions change does not reflect on the size of

synthesized Ag-NPs. For all pH values the size of Ag-NPs is around 32 nm.

40

pH

Figure 3-1. Size of Ag-NPs as a function of pH

pH did not affect measured nanoparticles size of synthesized Ag-NPs
(Figure 3-1). The mean values of the size were ~31 nm in the pH range (3-10).

This can be explained by fact that obtained nanoparticles are uncharged particles,
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which do not protonate/deprotonate, depending on pH [68]. Consequently, it is
expected that changes in the pH conditions will not impact the change of the

diameter of nanoparticles.

3.1.2 — Zeta potential of AgNPs

To demonstrate repulsive properties of synthesized silver nanoparticles zeta

potential measurement was carried as a function of pH (Figure 3-2).
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Figure 3-2. Zeta potential of Ag-NPs as a function of pH
The results show that as the pH decreases, the repulsive properties of Ag-
NPs become slightly higher. Based on the graph, in the acidic conditions the zeta

potential of the synthesized nanoparticles is -30 mV, and for the base conditions
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the values of the zeta potential increase to -20 mV. In addition, it was found that
the value of the zeta potential for nanoparticles at neutral pH is around -22 mV.
Based on these results, it can be concluded that silver nanoparticles exhibit
repulsive activity against negatively charged particles and anions and, thus, may be

beneficial for the active surface of the TFC membrane.

The measurements of the zeta potential of nanoparticles show the electric
potential at a shear plane of a particle [66]. As a rule, a suspension that has a
potential of more positive than -20 mV is considered unstable and will lead to the
precipitation of particles under certain conditions [67]. Changes of the pH of the
solution from 3 to 10 did not have a significant effect on the electrical potential of
the synthesized Ag-NPs (Figure 3-2). It can be stated that the synthesized NPs
were stable in a wide pH range from 3 to 10. With an increase in pH, the zeta-
potential of Ag-NPs became less negative from -34.1 to -20.7 mV. It is noteworthy
that Ag-NPs were more stable in the pH range from 3 to 6 (the value of ZP varied
from -34.1 to -26.0 mV). Synthesized AgNPs have high negative zeta potential

and, therefore, they are stable over a wide pH range.
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3.2 — Characterization of pristine and modified membranes
3.2.1 - FTIR

To examine whether the membrane structure has undergone changes in the
chemical structure due to the attachment of silver, its composition of functional
groups was analyzed using FTIR. The FTIR spectrum of the active layer can be

observed in Figure 3-3.
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Figure 3-3. FTIR spectrum of active layer of pristine FO membrane

The main characteristic functional bonds of PA layer belong to the following

wavenumbers: 1652 cm™ (C=0 stretching, amide I) [49, 50]; 1608 cm™ (aromatic
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ring breathing amide band) [51, 52]; 1577 cm™ (C-N stretching, amide II) [53-55];

1413 cm™ (C-N stretching, amide functional group) [56], 1324 cm’ (C-N

stretching, amide group) [57, 58]; 1074 cm™, 873 cm™, 790 cm™ and 717 cm™ (CO

NH CH3, amide group [59, 60]; 3343 cm™ (OH stretching) [61]. The identified

functional groups are presented in Table 3-1.

Table 3-1. Functional groups of polyamide and stretchings on FTIR spectra

Peak (cm'l) Functional groups Reference

1652 C=O0 stretching, amide I [49, 50]
Aromatic ring breathing amide

1608 band [51, 52]
1577 C-N stretching, amide 11 [53-55]
1413 [56]
1324 C-N stretching, amide group [57, 58]
1074
873
70 [59, 60]
717 CO NH CHj;, amide group
3350 -OH stretching [61]

The obtained FTIR results confirm that PA is used on the primary membrane

surface (Figure 3-4), and the main functional groups were present in the analysis
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spectrum, which were later used to attach Ag-NPs.
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Figure 3-4. Chemical structure of a typical polyamide used as the surface layer TFC FO
membrane [62]

The obtained spectra show no chemical changes on the active surface of the
TFC aquaporin membrane after attachment of silver nanoparticles. The FTIR
spectra of the active layer of membranes before and after modification can be
observed on Figure 3-5. The spectra verify that top surface of the modified TFC

membrane is composed of polyamide for both cases (Table 3-1).
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Figure 3-5. FTIR spectra of active layer of pristine and modified TFC FO membrane

After immobilization of the pristine membrane with silver
nanoparticles, FTIR spectra on the membrane confirmed that the membrane is
stable after the modification procedures and has not undergone major changes.
Since the concentration of cysteamine and silver nanoparticles used for
immobilization is relatively low, there are no significant changes reflected in the
peaks of the FTIR spectrum. FTIR spectra (Figure 3-5) show characteristic peaks
of amide I (C=0 stretching), amide II (C-N stretching) and aromatic amide bond at
1652, 1577 and 1608 cm™, respectively, which indicates the presence of selective

polyamide layer. In general, the FTIR results show that, after modifying the
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membrane, it retained the pre-existing functional groups that the original

membrane had.

3.2.2 — Zeta potential
The main purpose of the analysis of zeta potential is to obtain information
about the surface charge of the membrane, which is established upon contact with
water. The pH dependence provides information on the presence of acidic or basic
functional groups on the membrane surface, which is important for analyzing the
ability of a membrane to deflect negatively charged ions and attract positive ions,
which are the result of dissolved salts [63]. Thus, from Figure 3-6 it can be seen

that as pH gets higher the zeta potential of membrane increases.
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Figure 3-6. Zeta potential of pristine membrane for ImM KCI electrolyte solution as a
function of pH
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The graph (Figure 3-6) demonstrates zeta potential measurements of the
membrane surface of pristine membrane for pH range from 3 to 11 in the presence
of 1 mM KCI as a background electrolyte solution. The solution pH was adjusted

using HC1 (50mM) and KOH (50 mM) solutions.

It can be observed that the reading of the zeta potential for pH 3.26 is 1.73
mV, then it drops to -24.66 mV at pH 6.18 and remains almost constant for a pH in
the range up to 10.533. In addition, at a neutral pH, the zeta potential reading is -
23.42 mV. The demonstrated negative zeta potential values verify that the
dissolved ions will be affected by a remarkable electrostatic repulsion force, which

consequently provides salt rejection by membrane surface.

The graphs (Figure 3-7) demonstrate zeta potential measurements of the
membrane surface after modification membrane for pH range from 3 to 11 in the

presence of 1 mM KCl as a background electrolyte solution.
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Figure 3-7. Zeta potential of pristine and modified membranes for ImM KCI electrolyte
solution

It can be observed that there is no significant difference in charge of the
surface after modification membrane with silver nanoparticles. For modified
membrane, zeta potential is 7.59 mV at pH 3.23 decreasing till -26.62 (pH 6.46)
and remains constant as in the case of the pristine membrane. In addition, at neutral
pH the zeta potential readings are -23.42 mV and -26.54 mV for pristine and

modified membranes, respectively.

The values obtained from measuring the zeta potential confirm the repulsive
properties of pristine and modified membranes. These results indicate that
repulsive electrostatic double layer interactions will develop between the

membrane and the negatively charged surfaces of the pollutants during fouling
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experiments. Thus, both pristine and modified membrane must have repulsive

properties.

In general, the charge on the membrane surface is formed due to dissociation
or protonation of functional groups of the membrane [69]. The obtained zeta
potential for pristine and modified membranes verifies protonation process of
polyamide functional groups at low pH range. At acidic conditions, amine groups
remained from interfacial polymerization (verified by FTIR, N-H stretching 3353
cm’') were protonated while the carboxylic groups did not undergo any changes
[69, 70]. When acidity of the solution has increased, the carboxylic group
dissociate in contact with solution and membrane surface becomes negatively

charged.

Above results indicate that the zeta potential of the TFC membrane did not
change considerably after silver attachment, which might be explained by same
surface charge of silver nanoparticles (Figure 3-7) and low concentration of silver
nanoparticles employed. However, small enhance of surface charge repulsion of a
modified membrane can be ascribed to silver nanoparticles attachment exhibiting
negative charge due to the surface oxidization [72]. Thus, Ag-NPs may contribute
to surface repulsion of anions and negatively charged particles, resulting in better

rejection of salt and foulants.
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3.2.3 — Optical microscopy

Figure 3-8 demonstrates surface photographs of pristine PA layer of the TFC

membrane before attaching silver nanoparticles.

Figure 3-8. Optical microscope images of active layer of pristine FO membrane under a) x400
magnification and b) x1000 magnification

Both photographs show that the membrane has porous channels on the
membrane surface, which can be called aquaporin channels. The first image
(Figure 3-8a) was taken at a magnification of 400 times, showing well-dispersed
pores in the focusing zone of the membrane. With a more thorough study (x1000)
(Fig. 3-8b) one can observe the pores of the membranes. The pores are of various
sizes and are well distributed throughout the membrane. It should also be noted
that prior to modification, the pristine membrane is grayish in color and does not

contain any impurities or other substances.
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The pictures of silver attached TFC membranes are shown in figure 3-9.

Figure 3-9. Optical microscope images of active layer of modified FO membrane under x1000
magnification a) focusing on a surface and b) focusing on pores

After reaction with silver nanoparticles, the original white TFC membrane
turned yellowish, indicating silver is successfully attached to the surface of the
membrane. The results from the optical microscope make it possible to take
photographs with different focal lengths. Figure 3-9a shows the presence of tiny
little dark points on the surface, which are most likely silver nanoparticles. Another
photograph (Figure 3-9b) shows that the pores remain the same as in the original

conditions, while maintaining the structural integrity of the membrane.

3.2.4 — Contact angle
The measurement of the contact angle is carried out to assess the effect of

the attachment of silver nanoparticles on the hydrophilicity of the membrane. As
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the contact angle of the surface decreases, the membrane's hydrophilicity
improves. According to the data obtained, the average angle of contact with water
of the active layer of the pristine membrane is 49 °, which demonstrates fairly
hydrophilic properties. This i1s the base result for comparison purposes to

characterize the modified membrane.

According to the acquired contact angle data after silver attachment, Figure
3-10 shows the contact angle of the membrane decreasing from 49° for the pristine
polyamide layer to 45° for the incorporated with silver membrane surface,
demonstrating that the modification by AgNPs provides almost same hydrophilic

properties.

MOdified membrane _ 450
PriStine membrane _ 49D
0 10 20 30 40

50 60

Contact angle (")

Figure 3-10. Contact angle measurement of active layer for pristine and modified membranes
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The values of the contact angle of the active layer before and after the
modification do not detect the effect of silver immobilization. The contact angle of
a pristine and modified membrane gives almost identical results. The effect of
adding Ag-NPs is weakly correlated with hydrophilic properties. This may be due
to the fact that there was not enough silver to observe any changes in the properties
of the membrane. It can be concluded that Ag-NP does not affect the

hydrophilicity of the membrane.

3.2.5—- SEM/EDX

High resolution SEM image of an active layer of TFC FO membrane was
obtained for a pristine membrane that reveals a “ridge and valley” structure of the

surface (Figure 3-11).

Figure 3-11. SEM image of PA layer of pristine TFC FO membrane under x50k
magnification
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Furthermore, the elemental composition of pristine membrane was obtained
using EDX analysis. EDX spectrum (Figure 3-12) of pristine surface before
modification procedures demonstrates the presence of such elements as carbon (C,

8.0%), sulfur (S, 0.5%), oxygen (O, 1.5%) and shows absence of silver (Ag).
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Figure 3-3. EDX spectrum of pristine TFC FO membrane

The results of the SEM confirm the change in the morphology of the surface
attached to the nanosilver as compared to pristine membranes (Fig. 3-13). Figure
3-13 shows the scattered spherical particles on a valley-like structure with a

diameter of about 30 nm, which is consistent with the measured size of the
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nanoparticles, which suggests that silver nanoparticles were present on the

modified surface of the TFC membrane.
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Figure 3-13. SEM image of polyamide layer of modified TFC FO membrane

Furthermore, EDX spectrum of modified surface demonstrates the presence
of silver, confirming the attachment of AgNPs on the membrane surface. The
weight percentage of silver presented spots is 0.1%, confirming low concentration
of silver in the structure of membrane. Besides silver nanoparticles, EDX spectra
have shown presence of carbon (C, 7.8%), oxygen (O, 1.5%) and sulphur (S, 0.5%)

(Figure 3-14).
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Figure 3-14. EDX spectra of modified TFC FO membrane

Both microscopic analysis methods (optical microscope and SEM) show
successful modification of the TFC FO membrane. The first indicator of successful
attachment of silver on the membrane was a change in the color of the membrane
surface from gray to dark yellow. In addition, a uniform color indicates a uniform
distribution of Ag-NPs on the membrane. A comparison of photographs from an
optical microscope shows that the pores on the surface have retained their physical
integrity. A further successful modification is shown by SEM analysis, which at
high magnifications showed the presence of silver deposits on the surface of the
polyamide layer. The EDX spectra of intact and modified membranes confirmed

the presence of silver after the modification processes.
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3.2.6 — XRF and XRD

Figure 3-15 presents the composition of some elements in a pristine
membrane before attachment of silver nanoparticles. The elemental composition of
a pure membrane consists mainly of sulfur (S, 86.508 %), oxygen (O, 4.570%),

chlorine (Cl, 3.365%)), calcium (Ca, 1.943%) and other elements.

Calcium I 1.943

Chlorine I 3.365

Oxygen . 4.57

0 20 40 60 80 100

percentage %

Figure 3-15. XRF results of active layer of pristine TFC FO membrane

According to the results from XRD (Figure 3-16), there are three reflections
at 20 = 18°, 23° and 26°, corresponding to peaks associated with the crystal planes
(200) and (002) of the a-phase of the polyamide [64]. According to the literature,

these crystal planes have also been discovered and verified as polyamide [64, 65].
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Figure 3-16. XRD results of active layer of pristine TFC FO membrane

The results obtained after modification from XRF analysis (Figure 3-17)
shows the composition of some elements in a modified membrane after attachment

of silver nanoparticles.

Calcium I 1.967

Chlorine . 5.413

Oxygen 0
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Figure 3-17. XRF results of active layer of modified TFC FO membrane
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The elemental composition changed as a result of the reaction of the
membrane with cysteamine and the further attachment of silver nanoparticles. It
can be seen that the percentage of sulfur and chlorine in the membrane structure
increased by about 3%, which may be due to the thiol group being attached to the

TFC membrane for reaction with nanoparticles.

However, the composition obtained from the results of XRF, in contrast to
previous results, does not detect the presence of nano silver. This can be explained
by the limitations of XRF analysis, which cannot detect traces of particles with
extremely low concentrations. However, an increase in the sulfur content shows
that, after reaction with the cysteamine membrane, thiol groups appeared in its

structure, which were later used to attach silver.

The XRD pattern after immobilization for silver nanoparticles show broad
peaks at around 18°, 23° and 26°. This is almost same pattern as in the case of
pristine membrane, except for the small shift at 38°. The XRD spectrum of pristine

and modified membranes are shown below (Figure 3-18).
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Figure 3-4 XRD results of active layer of modified TFC FO membrane

3.3 — Antimicrobial properties of membrane

The results of incubating 1 cm piece of pristine and modified membranes for
24 hours 1n nutrient agar with E. coli bacteria are illustrated in Figure 3-19, where
pristine polyamide layer of the original membrane had no effect on inhibition of E.

coli growth on the membrane surface.
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Figure 3-19. (a) Disk experiments before removing membrane samples. (b) Disk experiments
after removing membrane samples. Incubation duration — 24 hours. E.coli bacteria in LB
agar broth.

The photograph under pristine membrane sample shows growth of bacteria.
Whereas the Ag-NPs immobilized membrane disk demonstrates antimicrobial
properties by showing clear LB surface under the membrane sample. Furthermore,
the easy growth of bacteria on the surface of pristine membrane suggests
vulnerability to biofouling of polyamide surface and need for antibacterial
protection. Based on the appearance of inhibition zone under modified membrane,
it can be stated that attachment of silver nanoparticles on surface creates biocidal

properties of the membrane.

It can be observed that the modified membrane exhibits clear growth
inhibition zones, representing considerable antimicrobial activity against bacteria.

In the case of a pristine membrane, no growth inhibition zones were observed
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under membrane, which implies that the original membrane has no activity against
bacteria. The results show that embedded silver nanoparticles impart effective
antimicrobial activity to the TFC FO polyamide membrane. Appearance of such
property can be explained by two mechanisms. The first mechanism is based on
the ability of Ag-NPs to disrupt the correct function of the plasma membrane
potential and reduce the levels of intracellular ATP (adenosine triphosphate),
which leads to the destruction of the cell membrane [74]. The second mechanism
of the antimicrobial properties of silver is due to the release of Ag + ions by
nanoparticles, which lead to the interaction of thiol or disulfide groups of DNA or
enzymes [75, 76]. Subsequently, this leads to a stop in the functioning of the
metabolic processes of bacteria. Thus, FO membrane has successfully gained

antimicrobial property.

3.4 — Effect of Ag-NPs on performance of aquaporin channels

Figure 3-20 demonstrates the graph of water flux change for baseline

experiments for pristine and modified membranes.
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Figure 3-20. Low flux levels FO baseline experiments for pristine and modified membranes.

AL-FS orientation at 12 m/s CFV in a cross flow mode. Feed 10 mM NaCl, draw pre-adjusted
NaCl solution.

From the obtained results it can be seen that the baseline tests for both types
of membranes show an almost constant change of the water flux. Both plots for
baseline and modified baseline tests vary between 4.6 and 6.3 LMH, showing an
average of 5.5 LMH. Both types of the membranes of modified and pristine
membranes were subjected to the same experimental conditions, resulting in
almost the same water flux. Since the purpose of the experiments was to observe

the ability of aquaporins to permeate water, when the draw solution was adjusted
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to ensure a relatively low water flux, it can be stated that the modified membrane

has the same properties as the primary membrane.

The effect of higher flux on performance of modified membrane is shown in

Figure 3-21.
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Figure 3-21. High flux levels FO baseline experiments for pristine and modified membranes.
AL-FS orientation at 12 cm/s CFV in a cross flow mode. Feed 10 mM NaCl, draw pre-
adjusted NaCl solution.

Experiments were performed starting from an initial flux of around 13 LMH.
As in the case of lower flux, the baseline tests at 13 LMH show almost constant
results. For baseline tests it is observed that flux varies from 11 to 14 LMH for 6-
hour filtration period, showing approximately 12 LMH average flux for the pristine

membrane and 13 LMH average flux for the modified membrane. The results
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confirm that the membrane with Ag-NPs did not lose ability to filter water at high

water flux.

The purpose of baseline experiments for the membrane before and after the
attachment of silver nanoparticles was to determine whether Ag-NPs disrupt the
functionality of aquaporins water channels or not. Based on the results obtained, it
can be stated that silver nanoparticles do not eliminate the ability of membranes to
permeate water through. In both experiments with pre-adjusted draw solutions (5.5
LMH and 12.5 LMH), the behavior of the FO membranes was not affected. It
should be added that the characteristics of the modified membrane under baseline
conditions (i.e, different concentrations of NaCl solutions as draw and feed
solutions) do not correlate with the use of AgNP, therefore in this case silver
nanoparticles cannot be considered as aquaporin membrane inhibitors. It also does
not exclude the fact that the number of particles was so small that it did not affect

the large-scale properties of the membrane.

3.5 — Effect of Ag-NPs on cleaning of membranes
Before performing the fouling experiments membrane underwent baseline

experiment (Figure 3-22).
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Figure 522. FO baseline experiments for pristine membrane. AL-FS orientation at 1.5 m/s
CFV in a cross flow mode. Feed 10 mM NaCl, draw pre-adjusted NaCl solution.

3.5.1 — Surface rinsing
Figure 3-23 shows the normalized flux of the pristine membrane, which was
subjected to a 50% flux loss during the 18-hour fouling experiment, followed by a
surface wash cleaning procedure to observe how the membrane is able to recover

during the next 6-hour fouling experiment.
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Figure 3-23. Normalized water flux of fouling experiment for pristine membrane: a) before
surface rinsing and b) after surface rinsing. Experimental conditions for fouling experiments:
feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm), CaCl, (10 mM)

and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s CFV.
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Obtained results show that during the Ist filtration run, the water flux
gradually decreased to 80% and 70% during the first 6 and 12 hours, respectively.
After applying the surface wash, the flux was recovered to 100%. After 3 hours of
the 2nd filtration run, the water flux decreased to 70%. A further reduction in water
flux was up to 57%. Unlike the 1st run, a rapid decrease in flow occurred during
the 2nd run. It is likely that the rapid drop in flow occurred as a result of membrane

fouling, that was poorly recovered due to surface rinsing.

Figure 3-24 illustrates the effect of modified membrane to recover from

surface rinsing after 1st run of fouling experiments.
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Figure 3-24. Normalized water flux of fouling experiment for modified membrane: a) before
surface rinsing and b) after surface rinsing. Experimental conditions for fouling experiments:
feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm), CaCl, (10 mM)

and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s CFV

By comparing flux profiles of the 1st run of fouling experiments for pristine
and modified membranes, it can be observed that membrane underwent to
modification was able to restore flux value after each 6 hour fouling session.
Figure 3-24a shows that after the first 6 hours, membrane flux dropped by 29%,
but after it restored by 13% flux and again declined to 68% of the initial flux
during next 6 hours. After 12 hours of fouling modified membrane again was able
to recover to initial conditions, but during next 6 hours has lost permeability level
to 58%. Further, as for pristine membrane surface rinsing was performed and

fouling experiment repeated for same membrane, which showed 26% flux steady
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flux drop during 6 hours. It should be noted that in case of pristine membrane (3-

23), the flux after the 2nd run reduced to 57% (43% flux loss).

3.5.2 — Osmotic backwash
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Figure 3-25. Normalized water flux of fouling experiment for pristine membrane: a) before
osmotic backwash and b) after osmotic backwash. Experimental conditions for fouling
experiments: feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm),
CaCl; (10 mM) and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s
CFVv
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Figure 3-25 shows the flow restoration and performance of the primary
membrane after osmotic backwash. It can be seen that after the membrane was
fouled (Figure 3-25a) after 18 hours, the membrane, as in the previous cases, could
fully recover after osmotic backwash. However, compared to rinsing the surface
(flux loss of 43%), the osmotic backwash effect is more beneficial for a pristine
membrane, which has reduced its flow to 75%. Thus, cleaning the pores and
membrane surfaces with an osmotic backwash has a good effect on the pristine

membrane compared to rinsing the surface.
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Figure 3-26. Normalized water flux of fouling experiment for modified membrane: a) before
osmotic backwash and b) after osmotic backwash. Experimental conditions for fouling
experiments: feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm),
CaCl; (10 mM) and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s

On the basis of Figure 3-26a, it can be seen that after 6-hour fouling of the
Ist run for the modified membrane, the flow dropped to 60%, and after relaxation
the flux level restored to the starting point. The same behavior was repeated after
12 hours of the 1st run, when the flow fell from 100% to 75% and from 100% to
92% (Fig. 3-26a). After the osmotic backwash, the membrane was again fouled for
6 hours, after which only 9% flux loss was observed (Figure 3-26b). Looking at the
graphs, it can be seen that the pristine membrane lost 25% of the flow, while the
modified membrane lost only 9% of the initial flow. Thus, the results obtained
indicate that the modified membrane has better performance after the osmotic

backwash.
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3.5.3 — CFV magnification
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Figure 3-27. Normalized water flux of fouling experiment for pristine membrane: a) before
CFV magnification and b) CFV magnification. Experimental conditions for fouling
experiments: feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm),
CaCl; (10 mM) and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s
CFYV for the Ist run, 6 cm/s CFV for the 2nd run
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Figure 3-28. Normalized water flux of fouling experiment for modified membrane: a) before
CFV magnification and b) CFV magnification. Experimental conditions for fouling
experiments: feed solution (mixture of ALG (100 ppm), BSA (100 ppm) and TA (100 ppm),
CaCl; (10 mM) and NaCl (10 mM); draw solution (5 M NaCl); AL-FS orientation; 1.5 cm/s
CFYV for the Ist run, 6 cm/s CFV for the 2nd run
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The figures 3-27 and 3-28 provide results collected from CFV magnification
after both pristine and modified membranes got fouled. In general, it can be seen
that fouled membranes produced much higher and stable water flux when velocity
of flow quadrupled. The pristine membrane piece in this experiment was able to
get fouled only after 28 hours of fouling experiments, while modified membrane
fouled after 18 hours. However, if pristine membrane loses flux levels steadily, the
modified membrane as in previous cases after each 6-hour experiment could
restore flux values. This shows, that membranes with silver nanoparticles are able

to recover from foulants but fouling happens at a much higher rate.

To observe how Ag-NPs affecting membrane performance after cleaning,
each membrane was subjected to an experiment with fouling to achieve a 50% flux
loss. The results show that immobilization of silver nanoparticles on a membrane
gives a different behavior than an pristine membrane. Figure 3-24 (surface rinsing
for modified membrane), figure 3-26 (osmotic backwash for modified membrane),
and figure 3-28 (CFV magnification for modified membrane) show that the
modified membranes acquired the ability to regenerate the flux after every 6 hours
of fouling, which is not characteristic of the primary membrane, which gradually

loses the flux. This can be explained by the ability of silver nanoparticles to
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decompose organic macromolecules upon their contact [77]. In the case of a
pristine membrane, contaminated organic matter sticks to the surface and inside the
pores, but in the case of a modified membrane, the ability of the membrane to
decompose organic contamination makes it possible to restore its permeable ability

each time.

Furthermore, after the membrane was contaminated, a special cleaning
procedure was carried out. After the surface of membrane was washed with
deionized water (surface rinsing), the flux of pristine and modified membranes was
restored to 100%. However, after the 2nd cycle of contamination, the primary and
modified membranes lost their flux by 43% and 26%, respectively. Better effect
was observed when the membranes were subjected to osmotic backwashing, which
showed a 25% and 9% decrease in flux for pure and modified membranes,
respectively. This is due to the difference in the methods used. If in the case of
rinsing only the membrane surface was cleaned, in case of osmotic backwashing
the pores and surface were cleaned. Thus, silver nanoparticles contributed to the
fall of up to 91% of the initial flux for the modified membrane after osmotic

backwash and the 2nd run of fouling experiment.

The increase in CFV from 1.5 cm s to 6 cm/s for the 2nd run of fouling

experiments shows that the loss of flux compared with other cases has a positive
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reflection in the values of water flux for both the primary and modified
membranes. This means that the high flow rate of water stream prevents organic
molecules from forming an organic gel layer on the membrane surface, even if the
membrane was initially contaminated with foulants. Thus, this shows that among
all the listed cleaning methods for pristine and modified membranes CFV

magnification has the most beneficial impact in terms of flux loss.

Chapter 4 — Conclusion

This work describes the implementation of innovative, effective and optimal
way of modification of aquaporin membranes with silver nanoparticles. The TFC
FO membrane with aquaporin underwent modification and was characterized for
analysis on the change in properties. The performance of membranes was further
studied by conducting filtration and cleaning experiments. In comparison with non-
modified membranes, silver modified aquaporin membrane demonstrates
significant results in prevention of biofouling and retaining of organic compounds,
and causes improvement of general properties and quality of the membrane itself.
Obtained results show that attachment of silver nanoparticles not only benefit

water flux levels, the long term experiment has revealed ability of modified
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membranes to recover from fouling. The fouling experiments demonstrated that
modified membranes have less fouling loss and cleaning procedures (surface
rinsing, osmotic backwash and CFV magnification) can positively influence

further filtration.

This work is the result of combination of several studies and application of
previous methods and experiments on exploration and further modification of
membranes in order to find the most optimal way of avoiding organic and
biofouling. Method used for modification of aquaporin membrane demonstrates
simple, relatively inexpensive and accurate way of applying silver nanoparticles.
Findings of this study demonstrate one possible way to improve and make water
treatment techniques more available. After the modification of membrane

following conclusions were achieved:

-successful attachment of Ag-NPs;

- antimicrobial property against biofilm formation;

- maintaining physical and chemical integrity;

- the ability of aquaporin channels to permeate water;

- the ability to effectively filter water after cleaning.
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