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Abstract

The invention of new materials to enhance various product qualities has grabbed the
consumer attention. Among them, engineered nanoparticles play a pivotal role due to
their different physical and chemical characteristics. Silver nanoparticles (AgNPs),
recorded as widely used in consumer products due to its unique antimicrobial properties
undergo different transformations when present in the aquatic environment. The
transformations of AgNPs will vary according to their physical properties and the
chemical properties of the solution matrix they are present. The physical properties
governing the transformations include size, shape, structure and the surface coatings.
The chemical properties determining the transformation of AgNPs include pH, ionic
strength, dissolved organic matter and extracellular polymeric substances.
Understanding the transformations of AgNPs is important in predicting the transport

and fate of the AgNPs in the environment and design adequate removal mechanisms.

This thesis investigates the impact of different chemical properties of the matrix
including solution pH, humic acid, protein, polysaccharides and extracellular polymeric
substances on the transformations of AgNPs including aggregation, dissolution and
colloidal stability. Freshly synthesized uncoated AgNPs were used during all the
experiments to avoid the possible interferences resulting from the coatings and other
chemicals. When assessing the impact of these factors the prominence was given to
study the environmentally relevant conditions either in the natural environment or
wastewater, which will provide important implications on the fate of AgNPs in the
respective pathways. Furthermore, the long-term stability induced by the surfactants
and polymers, which are used as coating agents in the transport and storage of AgNPs
was also assessed. Commonly used surfactants and polymers representing the different
categories were used in the experiments. Multitude of characterization and analytical
techniques were used during the experiments including spectrometry, DLS, ICP-MS,
TEM, EDX and FTIR. Finally, the suitability of a burgeoning technique, liquid cell
transmission electron microscopy to track the time resolved changes in the
transformations of the AgNPs was developed. The results obtained during the study
provide an overview on the impact of the above-mentioned factors on the temporal
changes in the transformations of the AgNPs in the aquatic matrices. The conclusions

obtained during the study are important in predicting the transport and fate of AgNPs in
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the water, hence, the behavior of the engineered NPs in the aquatic environment. The
insights obtained during the study can be utilized in assessing the life cycle of AgNPs

and subsequently their overall impact on the nature.
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1 Introduction

This chapter provides a brief overview on the background, objectives and contributions

of the study followed by the organization of the thesis.



1.1 Background

The rapid increase in the utilization of nanoparticles (NPs) especially in consumer
products have paved way for them to leach into the aquatic environments. The seepage
of NPs into the aquatic environments has resulted in their presence in the natural aquatic
bodies and wastewater treatment plants (WWTP). From hundred types of NPs used in
manufacturing consumer products, silver nanoparticles (AgNPs) play a pivotal role
being recorded as the type of NPs that is highly used. When the AgNPs are present in
the water, they tend to undergo a variety of transformations such as aggregation,
dissolution, sedimentation and precipitation. These transformations vary depending on
a number of different physical and chemical factors including pH, ionic strength,
dissolved organic matter, extracellular polymeric substances and the characteristics of
the NPs such as shape, structure, size, and surface coating. Due to these complexities, it
is difficult to use the traditional theories of colloidal science only to predict the
transformations of AgNPs. Therefore, this study focuses on studying the impacts of
different environmental factors on the aggregation, dissolution and the colloidal stability

of AgNPs and their effect on the transport and fate of AgNPs in the aquatic environment.
1.2 Objectives and Scope

The main objectives of this study include :

(1) To evaluate the impact of surfactants and polymers, which are used as coatings
during the transport and storage of NPs, on the temporal changes of the colloidal
stability of AgNPs

(2) To examine the effect of pH, ionic strength, dissolved organic matter (DOM) :
Humic acid, proteins and polysaccharides and extracellular polymeric
substances on the colloidal stability of AgNPs

(3) To assess the suitability of an emerging technique, in situ liquid cell transmission
electron microscopy on tracking the time resolved changes in the
transformations of AgNPs

1.3 Major contributions of the study

1. Cetyl trimethyl ammonium bromide (CTAB), Tween 20, polyvinyl pyrrolidone
(PVP) and polyethylene glycol (PEG) are among the commonly used surfactants
and polymers to stabilize AgNPs. The cationic surfactant, CTAB was able to

produce a monomodal particle size distribution in a prolonged period without
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affecting dissolution. In the presence of Tween 20, a non-ionic surfactant,
dissolution was promoted in the long run and the particles were preserved with
minimal aggregation. In the presence of the polymers, PVP and PEG, the particle
structure was not affected even though dissolution was observed. The
interactions of AgNPs with surfactants and polymers could significantly affect
their transformations and fate in the aquatic environment

. The solution pH modifies the surface charge and the oxidative dissolution of
AgNPs. As aresult, the particle behavior varied in acidic and alkaline conditions.
The particle size decreased with the increasing pH at a given time frame resulting
in lower aggregation in the higher pH regime and increased particle stability.
These results have been further proved with the direct evidence obtained using
time resolved in situ imaging acquired through Liquid cell transmission electron
microscopy (LCTEM). Furthermore, the magnitude of the impact of the pH on
the particle properties is higher than the impact of the dissolved oxygen
concentration. The derived empirical formulae reflect that the AgNP oxidation
depends on both dissolved oxygen and protons while the AgNP dissolution
increasing with the increase of either of these. Overall, our results highlight the
impact of the solution pH on the evolution of the properties of AgNPs over the
time.

Influence of humic acid (HA) concentration (0-250mg/L) on the colloidal
stability and dissolution of AgNPs was evaluated. AgNPs underwent oxidative
dissolution and aggregation disturbing their colloidal stability. In the HA
concentration range of 1-20 mg/L, HA stabilized AgNPs due to the inhibition of
the release of ionic Ag ensuring the persistence of AgNPs in the aquatic
environment for a longer period. At higher concentrations of HA (20-250mg/L)
in the soil environment, AgNPs were wrapped by the HA molecules, increasing
the hydrodynamic diameter of the AgNPs. Due to the suppression of dissolution
of AgNPs, primary particles remained stable in the environment for a prolonged
period with no change in the primary particle size and morphology. Furthermore,
it was observed that ionic Ag in the solution can be reduced to form fresh,
secondary AgNPs at the lower levels of HA in the aquatic environment, in the
presence of sunlight.

. The colloidal stability of AgNPs was significantly affected by the electrolytes

following the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Lower
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critical coagulation concentration (CCC) for AgNPs was observed in divalent
electrolytes. Three types of EPS namely, soluble EPS (SB- EPS), loosely bound
EPS (LB-EPS) and tightly bound EPS (TB-EPS) extracted from activated
sludge, were added into electrolytes that containing AgNPs to investigate the
potential different impacts on AgNPs transformation. Overall, the presence of
all types of EPS reduced the aggregation rate and increased the CCC values in
NaNOs3 and low concentrations of Ca(NO3)2 (0.05 — 10 mM) solutions. When
the NaNOs concentration was above 12 mM, the attachment efficiency of the
AgNPs was below one, depicting that EPS adsorbed on AgNPs leading to steric
repulsion, and effectively stabilizing the AgNP suspension. However, the
presence of EPS increased the AgNPs aggregation rate at high Ca(NOs3):
concentrations (10 — 40 mM), which can be caused due to the aggregation of the
dissolved EPS via intermolecular bridging linking the AgNPs and aggregates
together. Among the three types of EPS used in the study, LB-EPS effectively
stabilized the AgNPs irrespective of the electrolyte mainly due to the low
presence of the hydrophilic dissolved organic matter in LB-EPS.

Influence of the polysaccharides and protein on the colloidal stability and
dissolution of AgNPs was evaluated in a series of long-term experiments.
Sodium alginate (SA) as a model polysaccharide and bovine serum albumin
(BSA) as a model protein were used in the experiments in variable
concentrations. SA and BSA stabilized the AgNPs via two different
mechanisms. An increase in the hydrodynamic diameter was observed in the
presence of both the organic compounds, even though aggregation was not
observed. The surface modification of AQNPs induced by SA reduced the AgNP
dissolution. However, the SA coating was not permanent, as SA lacks the ability
to produce strong ionic Ag ligands. In the presence of BSA, ionic Ag released
by the AgNPs were chelated by the constituents in the BSA molecule, followed
by coating the AgNPs. Due to the BSA’s high affinity towards ionic Ag, it was
chemically adsorbed on the AgNP surface. As such, increased dissolution was
observed in the presence of BSA. Therefore, both SA and BSA modified the
AgNP surface and increased the colloidal stability. In summary, the stability of
AgNPs is higher in the presence of protein compared to the polysaccharides.



1.4 Organization of the thesis

This thesis consists of ten chapters as mentioned below.

(1) Chapter 1 presents a brief introduction on the background and the objectives of
this study.

(2) Chapter 2 presents a comprehensive literature review, covering an overview on
the current knowledge and the future research needs.

(3) Chapter 3 presents the details about the materials used during the experiments
and the experimental methods which are common to the chapters with
experimental results.

(4) Chapter 4 investigates the impact of different surfactants and polymers on the
long-term colloidal stability of AgNPs.

(5) Chapter 5 presents the study on the impact of pH on the aggregation of AgNPs
in the aquatic environment.

(6) Chapter 6 consists of the study assessing the concentration dependent impact of
humic acid on the transformations of AgNPs.

(7) Chapter 7 discusses about the interactive influence of electrolytes and the
extracellular polymeric substances on the colloidal stability of AgNPs.

(8) Chapter 8 focuses on understanding the impact of protein and polysaccharide on
the temporal changes of the colloidal stability of AgNPs using sodium alginate
(SA) and bovine serum albumin (BSA) as a model polysaccharide and protein
respectively.

(9) Chapter 9 investigates the application of a novel technique, liquid cell
transmission electron microscopy to evaluate the time resolved changes in the
interactions of AgNPs in the aquatic matrix.

(10) Chapter 10 summarizes the major findings of this study and provides

recommendations for future investigation.



2 Literature Review

This chapter provides a comprehensive literature review on the research topic to

understand the knowledge gap and to decide on the research directions.



2.1 Background

Due to the industrialization and mass scale production in the past decade, NPs are now
widely utilized in many products. They are used in paints, catalysts, coatings, cosmetics,
skin cream, biomedicine, toothpaste and many other applications. Unique physical and
chemical characteristics, which include optical, electrical and magnetic properties make
the utilization of NPs ideal in manufacturing industries. Moreover, NPs have been used
as a semiconductor, fuel cell electrolyte, UV absorber, antioxidant, polishing and
coating chemical. NPs have been utilized vividly in consumer products, such as anti-
bactericide coating, sunscreen and other industrial, military and medical applications.
The commercialization and industrialization of NPs have made the release of these
compounds to the surrounding environments. Recently, studying the fate and transport
of NPs in the environment has attracted the attention of researchers [1]. NPs can inhibit
the biodegradation, nitrification and anaerobic digestion process[2] [3]. Agglomeration
and adsorption of NPs are the main mechanisms that play a major role in the
transformation of NPs in the aquatic environment [4].

From hundred types of NPs used in manufacturing consumer products, AgNPs play a
pivotal role being recorded as the type of NPs that is highly used in manufacturing
consumer products such as cosmetics and clothing due to their unique antimicrobial
properties. When the AgNPs are present in the aquatic environment, they tend to
undergo a variety of transformations such as aggregation, dissolution, sedimentation,
and precipitation. The degree of these transformations varies depending on a number of
different physical factors such as shape, structure, size, and surface coating and chemical
factors including the solution pH, ionic strength, dissolved organic matter (DOM) and
extracellular polymeric substances (EPS). Among the other factors that affect the
transport and fate of AgNPs in the aquatic environment, the chemical speciation [5, 6]
and the surface charge of the AgNPs play an important role, which will affect their
chemical and biological interactions in the matrix [7, 8]. In order to vividly address these
complexities, it is not sufficient to use only the traditional theories of colloidal science
and experimental methods to predict the transformations of AgNPs. Hence, this review
addresses the current theoretical and experimental knowledge on understanding the
impact of different factors on the aggregation of AgNPs in the aquatic environment and

proposes future directions for research.



2.2 Importance of AgNPs

Silver (Ag) is considered as a naturally occurring type B soft metal [9, 10], which is
widely known for its admirable antimicrobial activities [11, 12], predominantly due to
the release of ionic Ag in the aquatic environment [13, 14]. Even though ionic Ag is
considered as one of the most toxic components in the fresh water environment [15], its
derivatives are widely used for different applications in the health industry. Silver
Nitrate (AgNO3) and Silver Sulphadiazine (SSD) [16] are commonly used in medicinal
products to treat or prevent diseases[17] caused by microorganisms such as bacteria
[18], fungi [19] and virus [20].

Due to its strong antimicrobial performance, it is listed as a toxic heavy metal by most
of the environmental regulating authorities [21, 22]. For example, the US EPA has set
the maximum level for Ag in drinking water as 0.1mg/L and the permissible level for
aquatic life in freshwater and salt water as 3.2 pug/L and 1.9 pg/L respectively [23, 24].
The leachate with a Ag concentration higher than 5mg/L is considered as hazardous
during the Toxicity Characteristic Leaching Procedure (TCLP) [25]. Not only in United
States, but also the countries in the other parts of the world have declared safe
occupational Ag exposure limits. For example, in Austria and Japan the Permissible
Exposure Limit (PEL) for Ag in air is 0.01 mg/m®and 0.1 mg/m?in United Kingdom,
Australia and Sweden [26].

Among the types of NPs which are highly used in the industrial applications, AgNPs
play a major role. These are widely used as delivery or antimicrobial agents in day to
day consumer products such as clothes, dietary supplements and food packaging [27].
The reason for higher usage include its strong antibacterial activity due to the higher
specific surface area [28] and the release of ionic Ag during the dissolution [29].
According to a market survey done on the global application of AgNPs:[30], it is
estimated that the market of AgNPs will increase up to US$ 2,415.5 Million by 2023,

which will potentially increase its release to the environment as well.

AgNPs also termed as nano Ag is basically, zero valent (AgP) particles with a size of 1-
100 nm [31] in at least one of its dimensions [32-34]. Apart from the dimensions, AgNPs
come in different morphologies such as spheres, rods and cubes [35-37]. AgNPs are

8



usually synthesized using chemical reduction methods where a Ag salt such as Silver
nitrate (AgNOs) [13, 38, 39], Silver perchlorate (AgClOs) [40] or Silver
tetrafluoroborate (AgBFs) [40, 41] is reduced using ethylene glycol [42], ethanol [43],
glucose [39] or Sodium borohydride (NaBH4) [12, 44]. In order to prevent aggregation
during the synthesis of AgNPs, coating agents or stabilizers such as polyvinyl
pyrolidone (PVP) [42, 45], polysaccharide [46], polyvinyl alcohol (PVA) [14],
polyethylene glycol (PEG) [47] or citrate [48] are commonly used. Rather than that,
several other methods such as electrochemical reduction [49], irradiation [50] and

biological reduction [51] can also be utilized in the synthesis of AgNPs.

During the transport and storage of AgNPs, its colloidal stability should be maintained
to avoid aggregation, as the generation of larger aggregates results in a loss of its
antibacterial activity [52, 53]. Therefore, different types of surfactants and polymers are
used to coat AgNPs to avoid aggregation during the transport and storage. However, the
long-term stability of AgNP dispersions, in different surfactants and polymers have

barely discussed and compared.

Even though AgNPs are manufactured using different methods, eventually they are
released to sewage [34], wastewater treatment plant [54], solid waste treatment facilities
or natural aquatic systems [4]. According to Kaegi et al. [55], AgNPs undergo different
transformations throughout the process of wastewater treatment and hence released to
the natural environment in a different form. Therefore, there is a great concern that
AgNPs when present in higher concentration can be harmful to aquatic life. In order to
understand the extent of harmful effects, it is vital to understand the different

mechanisms associated with the interactions of AgNPs in the aquatic environment.

2.3 Interactions of AgNPs in the aquatic environment

The commonly observed interactions of AgNPs are dissolution, precipitation,
aggregation and formation of complexes. During the dissolution, AgNPs tend to release
ionic Ag to the solution [56][57]. The rate and extent of dissolution of AgNPs will
depend on their physicochemical properties which include shape [58], size [59],
concentration [60] and surface functionalization or coating [61]. Apart from that the

solution temperature also plays a major role in the dissolution of AgNPs since it requires
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energy [62]. When AgNPs are introduced to a system, it will take several seconds to
minutes to even days to reach a stable condition. As described by Kittler et al., the small
changes which the NPs undergo are often neglected during the classical analytical
methods such as microscopy and spectroscopy. This is due to their insensitivity to the
release of ions as the particle diameter undergoes minor changes during the dissolution
[56].

If there are any anions such as chlorides, sulphides etc. present in the aquatic matrix,
there is a higher tendency for AgNPs to form precipitates. The details on the solubility
product and the enthalpy of formation of common Ag precipitates are mentioned in the
Table 2.1.

Table 2.1 Details about common Silver precipitates

. . Solubility product (Ksp) at Enthalpy of Formation
Silver precipitate
25°C (AHY at 25°C,kJmol™1)
Silver chloride (AgCl) 1.77x10- 10 -127
Silver sulphide (Ag2S) 8x10- 5t -31.8
Silver bromide (AgBr) 5.35x10" B -100.4
Silver iodide (Agl) 8.52x10 V7 -62.4
Silver sulphate (Ag2SO.) 1.20x10°° -717.2
Silver carbonate (Ag.COs) 8.46x10 12 -506.1
Silver chromate (Ag2CrO.) 1.1x10- 12 -712
Silver iodate (AglO3) 3x10° 8 -166.24

*Source : [63-65]

According to the information presented in the

Table 2.1, most of these precipitates possess a low solubility product constant and a low
enthalpy of formation. This indicates that the formation of these types of precipitates
requires only a low concentration of the particular ions and low energy. When the
precipitates are formed during in the aquatic systems, they tend to sediment to the
bottom of the system. Due to the formation of layers [66], the flow of water can be
interrupted and result in adverse conditions. Kaegi et al. [67] in the study on effect of
silver chloride formed from AgNPs has mentioned about the different transformations
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undergone by the Ag precipitates and their effect on the microbial growth[13].
Furthermore, another study shows the differential abilities of the common precipitate,
silver chloride in the water [68].

AgNPs tend to form complexes with different types of ions and ligands [69]. Even
though this topic is not discussed vividly by the researchers, there are some studies on
the effect of the formation of complexes with proteins [70], metal ions [71] etc. The
threat which can be posed to human health and the environment due to the different
formations by the AgNPs has been discussed by Panyala et al. [72]. The property of
formation of complexes of Ag has been utilized by the industries in manufacturing
different types of antimicrobial agents which are used as antibiotics and in many other

applications [73-75].

Nanoparticles Aggregate Agglomerate
1-100 nm ~1 pm ~10 pm

Figure 2.1 Difference of Aggregation and Agglomeration of NPs.

Aggregation is also considered as one of the major transformations that takes place when
the AgNPs are introduced in to the aquatic systems. The difference between the
aggregation and agglomeration can be clearly seen in the Figure 2.1. Aggregation as
shown in Figure 2.1, which takes place between particles in the size of 1-100 nm, is a
process where NPs tend to form clusters (~1um) due to the different interactions such
as electrostatic attraction and hydrogen bonding[76]. The sets of aggregates then tend
to form agglomerates due to VVan der Waals forces which is in the size range of 1-100
um. The extent of aggregation depends on a series of factors which have been discussed
in the next chapters. Recently studying the aggregation behavior and the colloidal

stability of AgNPs has attracted the attention of many researchers [7, 77]. From the
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previously mentioned transformations of AgNPs, aggregation is the least understood
and discussed topic, which makes it important to study the mechanisms involved with
it.

2.4 Aggregation of NPs

When present in environmental or engineered systems NPs can be considered as
dispersions of primary particles, which tend to form aggregates or clusters up to several
microns in size [78] due to the interactions among them. Therefore, the aggregation of
NPs is important in determining the reactivity, toxicity, risk, transport and fate in the
environment [76]. Many recent studies have directed their attention towards
understanding the phenomenon of aggregation in the aquatic environment, even though
it was not considered critical previously. The researchers have started applying the
colloidal science principles based on the Derjaguin-Landau-Verwey-Overbeak (DLVO)
Theory to understand the aggregation of NPs in different conditions. Furthermore,
particles released to the aquatic environment undergo different degrees of aggregation
due to the different conditions in the solution matrix governed by pH, dissolved ions,
DOM, EPS etc.

2.4.1 Types of aggregation

Nanoparticle Brownian Shear-induced Shear-mduced Turbulent
Surface forces | Aggregation restructurmg Aggregation reacting flow
<lnm 1-100 nm 0.1-10 pm 0.01 — 10 mm 0.01-1 m
Quantum Molecular Brownian Direct Numerical Quantum
Chemistry Simulations Dynamics Simulations Chemistry

Figure 2.2 Aggregation of NPs.

Aggregation of NPs occur, when physical processes bring the particle surfaces in contact
with each other and a short range of thermodynamic reactions allow the particles to
attach to each other. As clearly shown in Figure 2.2, for particles <100nm in size, the
long-range forces between the individual NPs are controlled by the Brownian diffusion.
When two NPs are in contact with each other, it can result either in attachment or
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repulsion. In the context of DLVO Theory[79], this phenomenon can be understood with

reference to short range thermodynamic interactions.

There are two types of aggregation namely, homo-aggregation and hetero-aggregation,
which can occur in the natural environment with respect to the NPs. Homo-aggregation
is the aggregation of two or many particles of the same species. It can be mainly
observed in homogeneous particle suspensions that are usually used in laboratory
studies to make useful correlations with the theories such as DLVO Theory[80].

In the real environment, there are different kinds of particles present and compared to
them the number of NPs will be less. Therefore, the NPs present tend to form
attachments with these different kinds of particles such as clay. Hence, this process of
formation of aggregates between dissimilar particles is referred to as hetero-aggregation
and it is the most important type of aggregation when considering about the

manufactured NPs in aquatic systems.

2.4.2 Theory of aggregation
2.4.2.1 Sticking Coefficient (o)

The probability that two particles get attached to each other is given by the sticking
coefficient, which is also termed as attachment efficiency (AE) and denoted by o.. When
a=1, sticking occurs 100% of the time and when a=0.5, sticking occurs 50% of the time.
Initial particles attach (a=1) will form large dendritic aggregates, whereas particles
sticking only after several collisions (a<1) will tend to form denser and less dendritic

aggregates [81].

2.4.2.2 Fractal Dimension (Dy)

Fractal dimension is a concept that is used to describe the aggregate structure. The value
of the Fractal Dimension usually falls within the range of 1 — 3, where 1 denotes a line
and 3 a sphere, which have been derived from Euclidean dimensions. The values 1, 2
and 3 denote a straight line (eg: x1), a flat surface (eg: x?) and a volume (eg: x3)
respectively. Fractal structures in the ideal form will be always self-similar. Under the

experimental conditions, homo-aggregation produces aggregates with reasonably
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predictable fractal dimensions [82]. Hetero-aggregation usually produces natural
fractals which are statistically self-similar over a limited range of length scale making
the aggregation state more difficult to predict. But as shown in Figure 2.2, fractal
dimensions provide a quantitative interpretation for the aggregation happened in the
aquatic environment where the size is greater than 1 nm. The physical properties of the
aggregates can influence the bioavailability, toxicity and the reactive surface area.
Hence it is important to study the aggregate structure when predicting the fate, transport
and toxicity of NP aggregation.

2.4.2.3 DLVO Theory

The total of the attractive and repulsive forces governs the NP attachment according to
the classical DLVO theory [83]. It further suggests that these two forces predominantly
determine the interactions between the NPs. They are named as attractive van der Waals
(vdW) and electro-static double layer (EDL) forces. The Eqgn. (2.1) below, shows the

vdW attraction experienced by two spheres in suspension [84].

Viow A 2a? N 2a? o s(4a +s)
kT ~—  6kT|s(4a+s) (2a+s)? n (2a + s)?

(2.1)

Since this equation calculates the attraction between two spherical particles, expanded
theoretical approaches are required to assess the behavior of the available different types
of NPs with different shapes. [85]

EDL depends on the surface charge of the particles the solution chemistry of the
surrounding matrix. The radius of the diffuse layer from the surface is governed by the
ionic strength of the solution, which gives an indication of the ions present in the
solution. High ionic strength compresses the EDL, whereas reduced ionic strength
suggests that the EDL ion cloud extends far away from the NPs. The Eqgn. (2.2),

mentioned below is an expression for two charged spheres in suspension [84].

(2.2)

VEDL 64nnkT (a + 6)2 (Zelpd)]z K
— —Kk(s—-28)
KT Gt 2a) M awr )| e
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X etzin|? (2.3)
where K = [W

The addition of Egn. (2.1) and (2.2) sums up the vdW and EDL potentials to decide if
the forces are net attractive (—V;) or net repulsive (+V7). In the context of engineered
NPs, most of them will have an organic coating. Therefore, only the classical DLVO
forces are not enough to predict their aggregation behaviour. Steric repulsive forces
(Vr + Vgpas) resulting from polymeric or organic coatings may only have a net
attraction. Therefore, coated NPs may aggregate reversibly [86], which has a significant
impact on the fate and transport of NPs. All these additional forces are collectively
known as extended DLVO (XDLVO) forces and are summarized in Table 2.2.
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Table 2.2 Extended DLV O forces contributing to the aggregation of NPs

Force Equations Origin
Magnetic = —8muoMia’ Alianing elect ins [87]
= 3 igning electron spins
attraction 9 (E + 2) Jning P
a
Hydrophobic Entropic penalty of separating
. . VAB _ AB So— S
(Lewis acid- W = AGg, exp( i ) hydrogen
base) bonds in water [79, 88]
VOSM
< =
2d<s= { T 0}
d<s<2d= { o
a47r¢2 (1 )(d 5)2}
= P57 X ) Concentration of ions between
Osmotic " i i twi ticles [89], [90], [91
0 particles , , [91,
repulsion s<d Yoswm P
kT 92]

kT
d>s
Velas
T Molecules on the NP surfaces
Elastic-steric resist the loss of entropy due
repulsion s\ 2 to the compactness [89] [90]
P ma s(3-3 P [89] [90]
(M—W bpd Pp) am™z\ =2 [91, 92]
-5
~6in| — +3(1+E)
Bridging NA Surface molecules bridge to
attraction

other particles [93, 94]

*where; a:average particle radius; d:thickness of “brush” polymer layer (~9); y:Flory-
Huggins solvency parameter; AG;‘(‘)B :free energy of acid base interaction between
particles at distance so; A:Hamaker Constant; e:relative permittivity of water (=78.5
C.VIm™); go:permittivity of a vacuum (=8.854 x 107*2); e:elementary charge of an
electron; k:inverse Debye length; 6:Stern layer thickness; k:Boltzmann constant;
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A:decay length for acid-base interactions (=0.6 nm); Ms:saturation magnetization;
Wo:vacuum  permeability; Mw:molecular weight of polyelectrolyte; n:number
concentration of ion pairs; pp:density of polymer; Wq:diffuse potential (~zeta potential);
s:distance between the interacting surfaces; so:minimum equilibrium separation distance
(=0.158 nm); T:absolute temperature; @p:volume fraction of polymer in “brush”;
vi:volume of solvent molecule; z:electrolyte valence.

2.5 Challenges to study the impact of NP aggregation

The phenomenon of aggregation demonstrates that several forces with different nature
and origin govern its kinetics. In addition to that, engineered NPs present a combination
of challenges to these theories due to their size, chemical composition, structure, shape

and the surface coatings.

2.5.1 Particle Size

Due to the smaller size of NPs, there is a conflict with the fundamental assumptions of
DLVO theory. When the particles become smaller, its surface curvature is too small
hence assumed it is flat. Therefore, this is one of the key challenges faced in applying
DLVO theory to NPs. Furthermore, when the particle size decreases most of the atoms
will be on the surface which can affect the electron arrangement, surface charge and
reactivity. Recent research suggests that the redistribution of the atoms and the charge
cloud on the surface of the NPs strongly influence their reactivity [95]. Furthermore, He
et al. [96] has showed that the particle size is inversely proportional to the measured
point of zero charge (PZC). At the same ionic strength, smaller NPs aggregate faster
than the larger NPs [96] suggesting the impact of polydispersity in engineered NPs on
their aggregation behavior.

No NPs present Halo effect due to
in the matrix the presence of NPs

Figure 2.3 “Halo” effect of NPs.
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“Halo” stabilization is another effect caused due to the size of the NPs. During this
phenomenon, the electrostatic repulsion between two approaching micrometer sized
particles are governed by the nano-sized materials. This phenomenon hinders the
flocculation of the particles by keeping them far beyond the range of DLVO attractive
forces as shown in Figure 2.1. Studies on this phenomenon reveals that the resultant
poly dispersity presents a challenge in understanding the aggregation behavior of the

dispersions[80].

2.5.2 Chemical Composition

In the colloidal science, the chemical composition is denoted by the Hamaker constant.
It governs the vdW attractions, saturation magnetization which governs the magnetic
attractions, hydrophobicity, which governs the hydrophobic interactions [88] and the
surface charge, which governs the EDL interactions (Eqgn. (2.2)) [97]. Particles with a
higher Hamaker constant shows a greater tendency for aggregation compared to the
particles with a lower Hamaker constant. The origin of vdW attractions is permanent or
induced dipoles. Therefore, a material with electronic or molecular structure that favours

generation of permanent or induced dipoles generally has a higher Hamaker constant.

The composition and morphology of NPs too challenge the DLVO explanations of
aggregation. NPs with a higher surface potential have a lower aggregation tendency
compared to the NPs with a lower surface potential. The chemical composition of NPs
changes its surface potential by dissociation or ion adsorption via surface atoms [97].
As a result, the surface charge of bare, uncoated NPs is governed partially by the type
of atoms on the surface of the NPs.

The studies performed so far reveals that the presence of coatings, core-shell structures
and chemical transformations impart charges to NP surfaces. These charge sources or
combinations are not considered in the colloidal science. Therefore, to get a
comprehensive understanding about the environmental fate of NPs it is indeed important
to understand the types of transformations that NPs undergo during manufacturing,

usage and disposal.
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2.5.3 Shape

One of the primary assumptions in the DLVO theory is that all the particles present are
spherical. This assumption is valid for ideal colloid systems but not for the engineered
NPs which come in a variety of nano-spherical shapes, triangles, icosahedrons, ellipses,
rhombohedrons, spindles, rods, tubes etc. Variation in the shape makes complications
in the calculations using conventional DLVO and XDLVO[98]. The changes in the NP
shape will affect both the vDW and EDL forces [99],[100].

Recent research shows that the shape of the NPs can theoretically control aggregation
under different orientations. Accordingly, it is evident that the NPs in different shapes
pose a challenge to colloidal science in understanding their aggregation behavior. Even
though, non-conventional theories such as surface element integration [99], may
consider the interfacial forces in irregular shapes i.e. ellipsoids, they are unable to

explain the characteristics due to unique and diverse types of NP shapes.

2.5.4 Surfactants and Macromolecular Surface coatings

Surface coatings such as polymers, surfactants and polyelectrolytes are used to coat the
NPs during the manufacturing process to enhance their dispersion stability and surface
functionality. The surfactants adsorbed or covalently bonded to NPs prevent the
aggregation and enhance the colloidal stability of NPs. It occurs as a result of the
increased surface charge and electrostatic repulsion or the reduction in the interfacial

energy between the NPs and the solvent [101].

In contrast to the surfactants, polymers or organic macromolecules too are considered
as surface active agents with a higher molecular weight. Unlike surfactants, polymers
or their repeating monomer units adsorb to NPs at different places along the polymer

chain making the adsorption of polymers stronger and relatively irreversible.

The magnitude of the electro steric repulsion is governed by the surface excess
(adsorbed mass of polymers per unit surface area of a NP), density, molecular weight of
the polymer, solution composition and thickness of the adsorbed layer thickness (Table
2.2). The interactions with surfactants and polymers are very complex and often
kinetically controlled rather than considering their thermodynamic equilibrium. The
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scientific evidence to describe the adsorbed mass and layer conformation is not
sufficient. Added to that, these depend on the conditions of the surrounding matrix of
NPs such as pH and ionic strength. Therefore, predicting the behavior of NPs coated

with surfactants, polymers and organic macro molecules remains challenging.

2.6 Factors affecting the aggregation of AgNPs

Common uses of AgNPs such as laundering, and skin cleansing can be the major
pathway for AgNPs to enter the aquatic environment. Due to the potential toxicity of
AgNPs towards microorganisms, significant efforts are taken to identify the physical
and chemical parameters that control the behavior of AgNPs in the aquatic environment.
The chemistry of Ag and ionic Ag species will govern the fate of AgNPs, even though
different systems will have their own specificities in terms of composition and targeted
organisms. Therefore, it is important to evaluate the phenomena deeply via studying

model systems before transferring the knowledge to applied cases [5].

AgNPs entering the natural aquatic environments are susceptible to variable
temperature, light illumination, pH, dissolved oxygen concentration, ionic strength,
concentration and composition of natural organic matter (NOM) and EPS. These
parameters have the potential to differentially impact the colloidal stability of AgNPs.
Furthermore, they influence the dissolution of AgNPs to produce ionic Ag, which
primarily depends on the proton and molecular oxygen concentration. Among the
potential transformations of AgNPs entering the natural aquatic environment, the least
investigated are those influenced by EPS and NOM.

261 pH

pH or the concentration of H* ions plays a pivotal role in the aggregation AgNPs.
Different research approaches have been used to test the impact of pH on the aggregation
of AgNPs, but up to today they have not been able to distinguish the exact role of pH in
the aggregation of AgNPs [102].

The potential for the transformations of AgNPs in the aquatic environment is governed
by the different properties of the matrix [7, 69, 103], including varying acidity, salt
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content, and biological media [77]. Varying acidity or the level of pH plays a major role,
controlling several other factors such as ionic strength and DOM. Prior studies have
examined the dissolution and aggregation [104] of AgNPs in different environmental
conditions, but only a few have focused on the aggregation kinetics [105, 106].

According to a study by Tai et al. [105], it has been mentioned that the rate of
aggregation of the AgNPs have been increased with the increasing acidity. For this
experiment, citrate coated 20nm AgNPs have been used within the pH range of pH 2.9
to 6.4, using Nitric acid to adjust the pH. It has been recorded that the study has been
carried up to 19h with a rapid change observed in the first 10 mins of exposure to the
acid. Even though, Nitric acid has been used to adjust the pH the study does not clearly
mention about the procedure used to avoid the oxidation of the AgNPs to ionic Ag.
Furthermore, it is mentioned that the study has been done up to 19h, but the study is not
carried out to observe the change continuously with the time, rather it contains details

about the results taken in different time intervals.

The study by Peretyazhko et al. [106] has observed the dissolution accompanied
aggregation of chemically synthesized AgNPs coated with thiol functionalized
methoxyl polyethylene glycol (PEGSH) in different sizes of 6, 9, 13 and 70 nm in the
neutral water at pH 7 and pH 3. Acetic acid has been used to adjust the pH in the pH 3
solution. Similar to Tai et al.’s [105] experimental procedure, this study also have been
performed for 80 days while measuring the number concentration in different time
intervals from days to weeks. This study has been unable to observe the aggregation
behavior of the AgNPs but reported that there is a significant size change in 6nm
particles. The change observed in this case, may not exactly be the phenomenon of
aggregation, but may be due to the re-deposition of ionic Ag on the AgNPs which is

attributed as another process named Ostwald ripening [107].

Another recent study by Axson et al. [27], has been able to observe the effect of pH on
the aggregation kinetics of AgNPs. This study has simulated the gastric fluid conditions
in which the pH varies from 2 to 5, to observe the effect of pH on the aggregation. The
experiment has been performed for AgNPs of different sizes (20nm and 110 nm) with
different coatings (citrate and PVP). Hydrochloric acid has been used to adjust the pH

during these experiments. The study has been able to report that the tendency towards
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aggregation increases with increasing acidity, but it has not evaluated the behavioral

change with the time.

Furthermore, many researchers have mentioned that the change in pH in the solution or
the aquatic matrix can have different impacts on the aggregation of AgNPs [108]. As
mentioned in his review by Reidy et al.[109], there is a very limited number of research
carried out to investigate the effect of pH on the rate of aggregation of AgNPs. The
studies have mainly looked at highly acidic or basic conditions rather than the natural
environmental conditions which is vital for a better understanding on the effect of

aggregation of the AgNPs in the aquatic systems.

It is necessary to investigate the aggregation behavior of AgNPs within the pH of 6 —
7.5 which is commonly found in the natural environment. Due to the higher rate of

aggregation of AgNPs it is needed to be tracked in a timely manner.

2.6.2 lonic strength

Different types of ions in varying concentrations in the aquatic environment play a
critical role in the aggregation of AgNPs. Anions such as chlorides (CI°), nitrates,
sulphates and hydroxides and cations like Sodium, Calcium, Potassium and Aluminium
are among the commonly available. When AgNPs are released into the water, part of it
tend to form Ag+ ions [27] which can in turn form precipitates with most of the anions
such as CI" and sulphates due to their low solubility constant and enthalpy of formation
[67]. Up to date, different studies have focused their attention to investigate the effect
of ionic strength on the aggregation of AgNPs [102, 110, 111], but only a few of them
have been able to highlight the importance of the anions in the matrix during the

mechanism of aggregation [7, 57, 112, 113].

In the study by Jiang et al. [113], it is mentioned that the AgNPs pose a great sensitivity
towards the different types of inorganic anions like chloride, bromide, iodide,
thiocyanate, fluoride, sulphate, nitrate and perchlorate and cations like Zinc(ll),
Cadmium(ll) and Copper (I1). Ag nanoplates of 70 nm have been used for the study to
observe the interaction with different ions. The results obtained in the study attributed

that the shift in the SPR peak observed is mainly due to the change in the surface charge
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of the particles determined by the interactions between the AgNPs and the respective
ions in the matrix. The study has also urged the need of a complete study on the variation
of the aggregation due to the ionic strength. Usually in the open environment there are
many different ions prevalent in the aquatic systems. This study has only observed the
effect on aggregation via an individual type of ion. Therefore, to simulate the real
environment, there is a need to carry out the experiments with a multitude of anions and

cations.

Liand Zhu et al. [114], has observed that AgNPs show an accelerated reactivity towards
hydrochloric acid, which is not observed with bulk Ag in their study. Chemically
synthesized NPs in different sizes (2-18nm with the average being 8.2 nm) and different
coatings (Polyvinyl pyrolidine (PVP) and polyacrylamide (PAM)) have been used for
the study and the results have been discussed based on the amount of insoluble
precipitate of AgCl generated as the product of the reaction. The study has attributed
this higher reactivity of AgNPs to the formation of Silver (1) ions in the system. But the
study has not been able to clearly distinguish the reason for this higher reactivity of
AgNPs which is not observed in bulk Ag or coarse-grained Ag thus highlighted the need
to understand this mechanism which is of equal importance in theoretical and

technological studies.

The study by Li et al. [115] has been able to look at the aggregation kinetics of AgNPs
with different coatings (trisodium citrate, Tween 80 and sodium dodecyl sulfate (SDS))
and in different types of electrolytes (Sodium chloride (NaCl), Sodium nitrate (NaNO3),
and Calcium chloride (CaCl)) with varying concentrations. The results of the study has
reported that the aggregation kinetics of the AgNPs with the different ionic strength is
consistent with the DLVO theory [116, 117]. The conclusion of this study reveals that
the surface coatings contribute to the transformations of AgNPs in the aquatic
environment and can act as a barrier towards aggregation, as a result of detachment from
the AgNPs. Therefore, during our experiments, uncoated AgNPs were used in order to
avoid the effect of other disturbing factors which help to assess the true behavior of
AgNPs.

Botasini et al. [118], has reported that the aggregation of AgNPs is influenced by the

presence of CI” in the medium. This study has been performed using chemically
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synthesized AgNPs of the size range from 10-20nm with starch as the capping agent.
The study has reported that the AgNPs are stabilized against CI” by the cumulative
impact of starch coating and high pH. The results of the study also highlight the need to
analyze the state of AgNPs in the natural environment, since CI" is ubiquitous in aquatic
systems and it may pose a challenge doubt on the utilization of products with AgNPs.
According to the literature, the need to understand the mechanism associated with the
different ions available in the aquatic matrix and the aggregation of AgNPs is
highlighted.

2.6.3 Dissolved Organic matter

When engineered NPs with different surface coatings are introduced into the aquatic
environment, their expected surface modification is hindered by organic and inorganic
ligands prevalent in the matrix [7, 45, 119].

The most common natural organic ligands available in the aquatic systems include
reduced thiol (-SH), which is a functional group in cysteine, -COOH, which is a
functional group in organic acids, amino acids and vitamins, derivatives of humic [120,
121] and fulvic [122] acids with different aliphatic and aromatic groups including R-
OH, -COOH, -OH, -OCHz and —-NH.. Among others, carbohydrates, which is a product
of metabolic and decomposition process are also put into the category of organic ligands
available in the aquatic environment [123]. Previous studies have demonstrated that the
addition of purified, naturally extracted NOM at low concentrations decreases homo-
aggregation rates hence increase the colloidal stability of AgNPs. This is applicable to
both electrostatically stabilized and sterically stabilized AgNPs [45, 124, 125].

Pokhrel et al. [126], has investigated the colloidal stability of chemically synthesized
citrate capped AgNPs of size 56.5+19.2 nm, in the presence of L-cysteine, dissolved
organic carbon and trolox, which is an antioxidant. Aggregation was only observed in
the presence of dissolved organic carbon. The study reported that the rate of aggregation
increased with the increasing concentration of dissolved organic carbon. However, the
study does not quantify the extent of aggregation in the presence of DOM thus has
focused more on the effects of toxicity of AgNPs in the presence of organic ligands

opening new directions for the future research.
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According to Gunsolus et al. [127], the previous studies were focused on the impact of
NOM on the stability and dissolution of AgNPs, which can be attributed to the high
heterogeneity of NOM and the properties of AgNPs. This study has focused on the effect
of humic and fulvic acid on the colloidal stability of AgNPs in the aquatic systems. It
has observed the behavior of chemically synthesized AgNPs capped with citrate and
PVP of size 12.1 £ 2.4 and 15.5 = 4.1 nm respectively when exposed to NOM, Suwanee
river Humic and Fulvic acid and Pony Lake Fulvic acid. The study has focused more
towards evaluating the toxicity behavior of AgQNPs when exposed to NOM. At the same
time the study reported that the rate of aggregation of AgNPs in aquatic systems with
organic matter depends on the chemical composition of the NOM.

According to Wirth et al. [128], the combined effect of EPS and NOM stand as a barrier
for aggregation increasing the colloidal stability. The study used commercial PVP
capped AgNPs in the size range of 20-50 nm. The results obtained in the previous studies
[129-132] were further proved by this study reporting that the rate of dissolution
increased with the decreasing particle size. Furthermore, dissolved ionic Ag tends to
form complexes with the HA decreasing the amount of ionic Ag available in the system.
Even though the research has been conducted in investigating the different mechanisms
of interactions between NOM and the dissolution and aggregation kinetics of AgNPs in
aquatic systems, the relationship between the NOM and the AgNP aggregation has not
been clearly identified. Therefore, the need to understand the kinetics of interactions of

AgNPs and NOM in aquatic matrices is important.

HA which accounts for a large portion among DOM in natural aquatic and soil
environment[133], plays a vital role in the DOM mediated transformations of AgNPs
[134]. According to Yin et al [135], the reduction phenomenon took place through
generating free radicals of superoxide anions with the interaction between oxygen and
the phenolic groups in HA. However, Hou et al [136] suggested that the reaction was
independent of oxygen and instead corresponded to the charge transfer of the ligand to
the metal between Ag and HA complexes. In addition, sunlight exposure seems to affect
the AgNP stability as well. Yu et al. [137], reported that AgNPs were more stable in HA

than those without HA with sunlight exposure.
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When considering the natural environment, HA presents in both the aquatic
environment and soil environment in varying concentrations. Even though, several
studies have assessed the impact of HA on AgNPs, the concentration in different
environments which differentiate the transformations of AgNPs is not clearly presented.
Furthermore, most of the studies previously used commercially available NPs with
different coatings which can induce multiple effects on the stability of the AgNPs. The
coatings are most likely to detach from the AgNP surface once entering the environment
[138]. Thus, the studies using commercial AGNPs may not be able to reveal the true fate

of AgNPs in the environment.

2.6.4 Extracellular Polymeric Substances

EPS is complex mixture comprising of polysaccharides, protein, nucleic acids, fats and
inorganic substances. Polysaccharides and Protein are the main constituents in EPS and
account for 70-80% of the total organic carbon (TOC) content of EPS [139]. EPS
contain aliphatic and aromatic monomers in their protein fractions. Hydrophobic chains
in the polysaccharide parts and many polar functional groups [140, 141] are also present
in EPS. Due to the impact of EPS on the interactions, it is important to study its impact
on the aggregation of AgNPs as well. Even though the adaptative and defense
mechanisms to cope with AgNPs are poorly understood, previous work with other toxic
heavy metals suggests that EPS secreted by bacteria could play a significant protective
role [142]. Bacteria can secrete and embed themselves in EPS that are comprised mostly

of polysaccharides and protein[143, 144].

According to Kang et al. [145], the structural components in EPS such as protein and
polysaccharides is responsible for ionic Ag reduction and immobilization, which affects
the colloidal stability of AgNPs. Yet, the mechanism of EPS modified aggregation of
AgNPs is not clearly understood. Zhou et al. [146], also reported that the EPS has
different interactions with AgNPs, which vary according to the particle properties such
as size and the capping agent and the type of EPS. This study has reported the impact of
EPS on dissolution and the ionic Ag releasing Kinetics but not about the colloidal
stability or aggregation. Wang et al. [147], has discussed about the interactions of NPs
with EPS as well as the aggregation behavior of the NPs affected by the EPS. Most of

the studies up to date on the interactions between EPS and AgNPs, focused
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predominantly on their antibacterial properties rather than the aggregation behavior.
Therefore, the impact of EPS on the aggregation of AgNPs needs to be clearly

understood.

2.7 Novel technologies to study the interactions of NPs

Studying the interactions of NPs in aquatic systems is a very challenging task. The
conventional methods used to study the effect on the morphology and the composition
of NPs such as TEM, SEM have not been able to build up a clear picture on the real-
time interactions of NPs when they are present in the aquatic systems. The advantages

and disadvantages of using the existing techniques have been listed in the Table 2.3.
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Table 2.3 Comparison of the different techniques used in the NP characterization

Technique Advantages Disadvantages
¢ Prefer monodispersed samples
o Measure quickly and conveniently ¢ Measure the hydrodynamic size of the
e Easier sample preparation particles rather than the direct size
DLS o Measure the samples in a broader » Difficult to measure the diluted
range of size from nanometers to samples
micrometers e Cause a large error when measuring
small NPs
¢ Require a small amount of sample y Requt'f[ﬁ a Iar?_e Iam?unt qf time to
o Measure the size and shape of the g(r)lglr;/sise particies from image
TEM . gag;'ecrl\i ;,r\:let:trsj?:?jrrea;tcz;i%ylevel e Cause disturbances due to the artefacts
¢ Visualize the interactions between %fgiirg?]d during sample drying and
the NPs and other compounds ¢ Analyze only the samples in solid state
e Measure the size and shape of larger | e Require a higher amount of time for
NPs with accuracy sample preparation and image capture
SEM e Observe the three-dimensional e Cause potential artefacts
structure of particles at nanometer e Measure only larger NPs with size
resolution greater than 20 nm
* ?gﬁgﬁf;eaihﬁasr:éﬁggnlz\liglo n e Cannot (_)bserve the detailed structure
AFM e Measure the samples in complex e Cause dlsturpances due to the artefacts
environments occur when fixing the samples
e Measure the hydrodynamic size of
samples in complex environments ¢ Need standards for the calibration
FFF with reliability e Consume a lot of time and complex to
o Measure poly-dispersed samples in optimize the operation
liquid form
e Measure the hydrodynamic size of * Need standards for t_he c_alibration
liquid samples with high accuracy e Measure samples with size larger than
DCS o Can use to measure the thickness of 3 nm .
. . ¢ High accuracy can be obtained only
the surface coating of the particles with concentrated samples
provided that a good experiment S o
design is available ¢ Require higher operation time to
measure smaller NPs
¢ Detect low concentrations of
samples in the range of pg/L ¢ Have the size limitation of 20nm
o Measure the number and size e Complicated parameter setting
spICP-MS distribution of the samples at the e Need validation with standards
same time o Lack of selectivity to detect different
e Measure poly dispersed samples NPs with different elemental
with high precision compositions
o Require small sample volume
° g‘:g:ﬁt?;izoent,haegg?gggggtr']c;tea‘:’ézgr’] d1° Careful operation of the instrument
SERS reaction with molecules due to the hazardous exposure due to

e Sensitive and selective molecular
sensing of nanomaterials

the radiation
e Difficulty to optimize the parameters
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*AFM: Atomic force microscopy; SERS: Surface enhanced Raman Spectroscopy; FFF:
Field flow fractionation; spICP-MS: single particle inductively coupled plasma mass

spectroscopy

Considering the limitations of the existing techniques, the attention of the researchers
has been directed to try out novel techniques to quantify the interactions especially the
aggregation of NPs. Some of the emerging techniques that has been utilized during the
recent research studies have been mentioned below with a brief explanation on their

performance.

2.7.1 Nanoparticle Tracking Analysis (NTA)

NTA is a technique which uses the properties of both the Brownian Motion and light
scattering to generate the particle size distribution of a sample in liquid suspension
[148]. This instrument provides high resolution particle size, concentration while a
fluorescence mode provides specific results for labelled particles. The equipment
provides real time monitoring of the subtle changes in the characteristics of the particles
in the solution confirmed by visual validation. This is a technique which enable
simultaneous measurement of multiple variables, which in turn saves time and sample
volume. It requires minimal sample preparation and consumables, which reduces the

day to day running cost as well.

2.7.2 Lab on a chip experiments

“Lab on a chip or microfluidic device” is a recently introduced technology which has
been able to draw the attention of many researchers. Microfluidic device is a
miniaturized platform which can be utilized to simulate the effect of chemical reactions
with increased speed and reliability and reduced sample consumption and cost [149].
This is a technology which can also be used to model precise, high throughput and
automatic analysis of chemical processes. Compared to the conventional laboratory
experiments, the advantages of using microfluidics for research include shorter reaction
time, high mixing efficiency, higher heat transfer coefficient, controllable residence

time, small reactor volume and high surface to volume ratio [149].
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2.7.3 Insitu TEM imaging

In situ electron microscopy is a technique used to investigate a sample’s response to a
stimulus in real time using the transmission electron microscopy. With the high energy
stored in the beam of electrons which is used to image the sample, the sample can be
damaged and result in poor readings. Therefore, this new technique enables the user to
get high resolution images, while the sample is in the specimen chamber. Another
advantage of this method is the ability to capture images through time induced changes
and modifications.

2.8 Conclusions

Different interactions of the AgNPs that take place when present in aquatic systems pave
their way to the different mechanisms associated with the aggregation kinetics. The
phenomena that can take place include oxidative dissolution, formation of a passivating
layer and erosion of this layer by other chemical species, re-deposition of Ag and
formation of bridging materials between particles that lead to their aggregation.
Oxidation that occurs in the metallic Ag core plays an essential step in the action
mechanism of AgNPs. When oxidizers are present in the system in abundance i.e
atmospheric O, AgNPs tend to form ionic Ag and thus be an effective Ag source in
forming precipitates. Even though not very active Ag®, too brings advantages to the
system which include being an object that diffuses as one entity comprising of thousands

of Ag atoms.

The action mechanism of AgNPs is highly dependent on physical properties including
size, shape and the surface properties including the different coatings used in the
commercial products. Smaller NPs having a higher specific surface area exhibits a
higher dissolution rate. Therefore, it tends to avoid aggregation, since aggregation
lowers the effective specific surface and result in sedimentation. Different types of
chemical species including anions and cations, NOM and EPS present in the matrix can
also have an impact on the aggregation of AgNPs. The effects vary in a range resulting
in higher or lower rate of aggregation. Therefore, when carrying out research on those
aspects, there should be proper attention given in sample preparation and preparing the
medium for the system, since there will be unquantified effects to the results due to the

multitude of species. When arriving at a conclusion, the researchers need to pay
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attention to the influence by the other species present in the matrix and should make it
clear whether what species were exactly present in the matrix and be aware of their

conseqguences.

2.9 Future research needs

According to the literature review, it was revealed that the exact mechanism leading to
the interactions of AgNPs is not properly understood. Due to the strong antibacterial
properties of Ag and its derivatives, researchers have mostly concentrated on studying
the antibacterial effects of AgNPs rather than the interactions of them in the aquatic

systems. This suggests the need for future research as mentioned in this section.

It is necessary to introduce a reliable and accurate method of assessment to quantify the
AgNP uptake and characterization in the aquatic systems in a time resolved manner.
This will help to generate a clear picture of the interactions and associated mechanisms
of AgNPs. Most of the studies so far were carried out in different time intervals but not
in a continuous time frame which has paved way to a dearth of data in the first 30 mins
after introducing the AgNPs to the aquatic system. Even though, some researchers have
mentioned that the highest reactivity of AgNPs is observed in the first 10 mins after the
introduction. Therefore, it is necessary to carry out the experiment in a continuous time

frame to evaluate the reactivity and the kinetics of AgNPs.

When studying about AgNPs, there are many segments to consider which include the
effects due to pure AgNPs, ionic Ag and Ag®. When AgNPs are introduced into aquatic
systems, part of them will convert into ionic Ag. Therefore, there is a need for a proper
methodology to distinguish the individual and combined effects due to dissolved ionic
Ag and AgNPs.

As reported, the aggregation kinetics of AgNPs are affected by the properties and the
constituents of the aquatic matrix which include pH, ionic strength, DOM and EPS. But
the role of each of these factors in the process of aggregation is barely understood
according to the best of the authors’ knowledge. When we consider pH, many have
considered the behavior only in extreme conditions where pH range from 1-5, but not

in the real open environment where the pH is around 6.5-7.5. Due to the presence of
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ions in the aquatic system, there is a need to study the impact of different cations and
anions on the aggregation phenomena. DOM and EPS are complex factors of which the
impact on the aggregation vary according to the type, medium and time. Therefore, it is
suggested that there is a necessity to understand their impacts on the aggregation in a

time resolved manner.

In most of the studies carried up to date, the researchers have used AgNPs capped with
various coatings rather than bare AgNPs. Usually the coatings are added to avoid
aggregation during the storage and transportation. Therefore, when using the coated
AgNPs for the studies, it will be unable to acquire a proper understanding on the kinetics
of aggregation as most of the studies have mentioned that very limited aggregation is
observed with differently coated AgNPs. Therefore, it is required to perform the

experiments using bare AgNPs to clearly understand the aggregation behavior.

Even though research has been carried out on different impacts of AgNPs on different
species, the attention given to the study of kinetics of these reactions is not sufficient.
Therefore, there exists a need to have quantitative results on kinetics of AgNPs during
the processes such as uptake, localization, particle degradation/dissolution, aggregation
and the intervention with different biological products such as bacteria, virus and fungi.
The information obtained in these terms will be a guideline to carry out further research

digging into minute areas on of the colloidal stability of AgNPs.

Furthermore, the available conventional analytical methods are not sufficient to
distinguish the kinetics of aggregation due to the various properties of the aquatic
matrix. Therefore, there is a need to utilize high end technology such as Nanoparticle
Tracking Analysis (NTA) [148], Lab on a chip experiments [150] to investigate the
behavior of AgNPs with respect to the aggregation when present in the solutions without
affecting the morphology of the aggregates.
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Therefore, the objectives of this thesis are to:

(1) evaluate the impact of surfactants and polymers, which are used as coatings
during the transport and storage of AgNPs, on the temporal changes of the
colloidal stability of AgNPs

(2) examine the effect of pH, ionic strength, dissolved organic matter (DOM) :
Humic acid, proteins and polysaccharides and extracellular polymeric
substances on the colloidal stability of AgNPs

(3) To assess the suitability of an emerging technique, in situ liquid cell transmission
electron microscopy on tracking the time resolved changes in the

transformations of AgNPs
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3 Materials and Methods

This chapter presents the details of the common materials and experimental methods
used during the research studies mentioned in the subsequent chapters. The common
analytical techniques used during the experiments have been mentioned in detail in this

chapter.
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3.1 Materials

Analytical grade silver nitrate (99.8%) (Sigma- Aldrich) and sodium borohydride (Alfa
Aesar) were purchased in the powder form and used without further purification.
Analytical grade nitric acid (98%) and the other chemicals used in the experiments were
bought from Sigma Aldrich. The de-ionized water used during the experiments was
obtained through a Milli-Q water system (Millipore) with a resistivity of 18.2 MQ.cm.
The solutions used in the process of synthesis was purified via filtering through 0.22 um
cellulose ester membrane syringe filters. The glassware and labware used in the process

of synthesis were adequately cleaned and stored under dust-free conditions prior to use.

3.2 Synthesis of AgNPs

The AgNPs used in the experiment were synthesized through an oxidation reduction
method using silver nitrate and sodium borohydride. Detailed procedure on the synthesis
with mechanism is mentioned in Figure 3.1. High ionic strength in the liquid phase will
cause aggregation [115, 151] during AgNP synthesis, which can lead to failure in the
synthesis of AgNPs [152]. Therefore, low initial AQNOs and NaBH4 concentration is
essential to reduce the solution ionic strength. Increasing the NaBH4/AgNOs
concentration ratio will enable more BH, ™ to be available in the solution hence stabilize
uncoated AgNPs [153]. Three batches of AgNPs were prepared to evaluate the

reproducibility and the results show production method was highly reliable Figure 3.2.

3.2.1 Mechanism of reduction of AgNO3 with NaBHa4 to produce AgNPs

Briefly, 0.12 mM silver nitrate solution was added to 3 mM sodium borohydride
solution, of which the concentration was 25 times excess. The mixture was then
vigorously stirred at 1200 rpm for one hour at room temperature (25 + 2 °C). The
solution container was then covered with aluminum foil and stored under 4°C till further

usage.
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During the process of synthesis, (1) Silver ions are reduced to form metallic Ag as nuclei

in different sizes (nucleation). (2) Then the nuclei will grow into relatively large AgNPs,

which is controlled by Ostwald ripening and attachment growth. These Ag nanocrystals

may have different morphologies with a relatively narrow size distribution. (3) If there

are more Ag+ reduced to atomic Ag, the AgNPs will grow further to generate mature

NPs in various shapes under the control of capping agents. Finally, ions (for charging)

and large molecules (for coating) are attached to the surface of NPs for stabilization.

The equations mentioned below illustrate the reactions involved during the process of

synthesis.

Reactions involved:

AgNO3 ) + NaBH, ) + 3H,0(aq)

)
7
il Ag(s) + §H2(9)+ H3BO3(aq)+ NaN03(aq)

Agt+ e > Ag E®(298K)=0.7992V

_ 7
BH4 (aq) + 3H20(aq) d H3B03(aq) +§H2(g)

H3303(aq) + HzO(aq) _)B(OH)Z + H+ pKa = 92

(3.1)

(3.2)

(3.3)

(3.4)
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3.2.2 Reproducibility of the synthesis method of AgNPs
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Figure 3.2 (a) The UV vis spectrum among different batches (b) Change of pH among
the batches.

According to the results showed in the graphs in Figure 3.2, it can be observed that the
SPR peak of the AgNPs remained around 391 + 2 nm for the AgNPs synthesized in
different batches. Furthermore, a narrow SPR spectrum has been observed for all the
three batches. The solution pH of the three batches was fluctuating during the first few
days and after day 5, it was observed to be stabilized and continued at a constant value.
These results suggest that the method we used to synthesize the AgNPs in reproducible
and the particle properties of different batches will be similar.

3.3 AgNP Characterization
3.3.1 UV-vis Spectrometry

UV-vis Spectrometry (Shimadzu UV- 4201 PC UV vis spectro-photometer, UK) was
used to measure the localized surface plasmon resonance (SPR) of the AgNPs over the

wavelength in the range of 300 — 800 nm.

3.3.2 Particle size

The particle size distribution of the AgNPs was measured by Dynamic Light Scattering
(DLS) using a Zetasizer Nano (Malvern Instruments, UK) with a 1 cm optical cell. Each

measurement was averaged over 10 runs of 2-3 mins each on which the Dispersion
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Technology Software V4.20 (Malvern Instruments Ltd.) was utilized to fit both single

and multiple exponential algorithms to each autocorrelation function [154].

3.3.3 Zeta Potential measurement

Zeta potential of the synthesized AgNPs and the experimental samples at different

conditions was measured using Zetasizer Nano (Malvern Instruments, UK) at 25 + 2 °C.

3.3.4 Total silver concentration

The total Ag concentration of the synthesized AgNP stock solutions was measured by
the acid digestion method. Briefly, 0.5 ml of 70% nitric acid with 0.5 ml of AgNP stock
solution was incubated at 60 “C for 12 hours. The digested solution was then diluted
with DI water to a known volume with 1% (w/v%) HNOg solution. The dissolved Ag+
was quantified by an inductively coupled plasma optical emission spectrometer (ICP-

OES, Perkin Elmer Instruments).

3.3.5 Dissolver silver concentration

The dissolved ionic Ag in the synthesized AgNPs and the experimental samples was
quantified after removing the suspending AgNPs and the method used is described in
3.3.5.1.

3.3.5.1 Determining the centrifugation time for the separation of AgNPs and ionic
Ag

To determine the optimum centrifugation time to obtain the ionic Ag concentration, a
series of experiments were carried out. AgNP aliquots of 1 ml obtained from the parent
solution were centrifuged at 10000 g at 4°C for 0, 0.25, 0.5, 1, 2, 3, 4, 5 hours
respectively. After the centrifugation, the samples were taken out and the supernatant
and the sediment were separated and mixed with 70 % HNO3 acid at a volume ratio of
1:1. Then the samples were stored at -20°C for 24 hours. The chilled samples were
diluted with DI water at a volume ratio of 1:70 to a HNO3 concentration of 1% (w/v%)

before being measured by the ICP-OES. The measurements were acquired in triplicates.

38



1.5
110 —®— Sediment

105 —*— Supernatant
100 —&— Total Silver

95
9.0
85
8.0
75
70
6.5
6.0
55
50
45
40
35
30 1 T 1 T 1 T 1

lonic Silver Concentration (ppm)

- »

- @

Time (h)

Figure 3.3 Dissolution and Sedimentation kinetics of AgNPs with time

The results obtained have been marked in Figure 3.3. Total silver is calculated with the

formula mentioned in Eqgn. (3.5).

Total Ag lonic Ag Ionic Ag
Concentration _ 1 Concentration Concentration (3.5)
in the 2 in the in the '
solution supernatant sediment

According to the Figure 3.3, it is evident that after 2 hours of centrifugation, the Ag
concentration in all the three phases almost reached the equilibrium level and remained
constant throughout the rest of the experiment at different time intervals. Therefore, it
was decided to use 2.5 hours as the centrifugation time for the experimental samples to

obtain the ionic Ag concentration.

Briefly, samples were centrifuged for 2.5 hours at 10000 g at 4 °C to remove AgNPs
(Figure 3.3). The supernatant from the centrifuged samples was transferred to different
tubes and 70 % (w/v%) HNOs acid was added at a volume ratio of 1:1. Before
measurement, the samples were diluted with DI water at a volume ratio of 1:70 to a
HNO3 concentration of 1% (w/v%). The ionic Ag concentration was determined by the
ICP-OES. The measurements were acquired in triplicates and the reported value was the

average of the three measurements.
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3.3.6 TEM sample preparation and imaging

Morphology, size and the energy dispersive x-ray spectroscopy (EDX) analysis of the
AgNPs was observed using transmission electron microscopy (TEM) without solely
relying on the hydrodynamic behaviour. The preparation of the TEM grids was done by
the centrifugation method that can remove many artifacts that disturb the conventional
drop deposition on the grid [155]. This method ensures that the aggregation in the native
solution can be identified clearly without any drying effects caused due to traditional
drop deposition TEM grid preparation. Sample vials were shaken vigorously and 3 ml
[156] of the sample was transferred to a polypropylene vial where particles were
deposited directly on to the 200 mesh Cu grids (Latech Ltd. Singapore) via
centrifugation. Images of the particles were obtained using a JEOL 2010 UHR TEM
operated at 220 kV. A beam convergence angle of 10.8 m.rad and a nominal spot size
of 0.7 nm was maintained at the probe . Images were recorded using a detector angle of

100 m.rad and processed using the Digital Micrograph software (GATAN Inc.).

3.3.7 FTIR spectrometry

To assess the possible attachment mechanisms and to get a qualitative interpretation of
the bonds newly created and disappeared, Fourier Transform Infra-Red (FTIR)
spectrometry was conducted. FTIR spectra were obtained on a spectrometer (Perkin
Elmer, Frontier Series) equipped with Mercury Cadmium Telluride (MCT)-(MIR)
liquid nitrogen-cooled detector and Spectrum processing software. The FTIR spectrum

was acquired in the 4000-600 cm™ region with a resolution of 16 cm™.
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4 Long term impact of surfactants & polymers
on the colloidal stability of AgNPs

This chapter presents the details of the study conducted to evaluate the long-term
temporal changes in the colloidal stability of AgNPs induced by the surfactants and
polymers. Section 4.1 is an introduction to the chapter with a brief overview of the study
followed by the detailed experimental methods in the section 4.2. Results obtained
during the experiments with a discussion on the same can be found in the section 4.3

with the conclusions mentioned in the section 4.4.
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4.1 Introduction

The stability of AgNPs in the aqueous dispersions can be enhanced through two
different types of protection mechanisms. First mechanism is based on the steric
repulsion, which occurs in the presence of polymers and nonionic surfactants, stabilizing
the particles via binding in the interface [157-159]. The polymers which are used to
induce steric stabilization include polyethylene glycol (PEG) [160], polyvinyl alcohols
(PVA) [161], polyvinyl pyrrolidone (PVP) [162, 163], polyacrylamides [164] and
polyurethanes (PU) [165]. The non-ionic surfactants adsorb at the surface of NPs in a
more compact mode and create an excellent stabilizing effect [166] when compared to
the polymers. The commonly used non-ionic surfactants include Brij, Tween and Triton
X-100 [167].

The second stabilization mechanism is based on the electrostatic repulsion. Upon the
addition of the ionic surfactant, the surface charge of the dispersed phase will be
enhanced, which electrostatically protect the NPs. Sodium dodecyl sulfate (SDS) [168]
and cetyltrimethylammonium chloride or bromide (CTAC, CTAB) [169, 170] have
been widely used as anionic and cationic surfactants respectively in many studies as
stabilizing agents [169, 171]. For instance, Chen et al. [172] proposes a mechanism of
bonding of SDS molecules on the particle surface. According to that mechanism, a
double layer was formed around the surface of the NPs with hydrophilic tails directed
outward [172]. In this case, it was possible to produce stable AgNP dispersions using

SDS, which was stable at least for one month.

Even though the surfactants and polymers were used as agents in obtaining stable NP
dispersions, their impact on the fate of NPs during the long term storage is barely
discussed, which has attracted the attention in the recent years [138, 173-175]. The main
reason for the rise of interest in this research area is the detachment of coatings when
the coated NPs are stored for a long-term. Most of the previous studies have evaluated
the short term or immediate effect of the surfactants on the NP dispersions and
highlighted the need for studying the long-term effect of surfactants and polymers [176].
Studying the possible impacts of surfactants and polymers on the AgNPs is important
when considering their fate during the long-term storage.
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During this study, four different types of polymers and surfactants were used to evaluate
their impact on monodispersed, freshly synthesized uncoated AgNPs in a series of long-
term experiments. The changes in the hydrodynamic diameter, zeta potential and the
localized surface plasmonic resonance (SPR) was measured to assess the colloidal
stability of uncoated AgNPs. Rates of ionic Ag release were also determined to
understand the potential impacts of the polymers and surfactants on the dissolution of
AgNPs. Firstly, the short-term effects of the surfactants and polymers upon mixing with
AgNPs were assessed followed by the experiments to evaluate the long-term effect.

4.2 Experimental methods
4.2.1 Preparation of stock solutions

CTAB stock solution was prepared by dissolving 36.4 mg of 99 % CTAB in 100 ml of
DI water via vigorous mixing on a magnetic stirrer to obtain a concentration of
approximately 1 m.moldm= (364 mg/L). Tween 20 solution was prepared by dissolving
71 mg of Tween 20 in 100 ml of DI water via vigorous stirring for an hour to obtain a
stock solution with the concentration of 1 m.moldm= (523 mg/L). 1 g of PVP 10 was
dissolved in 100 ml of DI water via ultra-sonication for 60 minutes to obtain a stock
solution with a concentration of 1 m.moldm. 0.8 g of PEG 8000 was dissolved in 100
ml of DI water via ultra-sonication for 75 minutes to obtain a stock solution with a
concentration of 1 m.moldm™. CTAB was used to assess the behavior of ionic
surfactants and Tween 20 as a non-ionic surfactant. Both PEG and PVP were used as

polymers during the experiments.

4.2.2 Stability experiments

To assess the individual influence of the compounds, samples were prepared with
different concentrations of CTAB, Tween 20, PVP and PEG to obtain a final
concentration of 0, 0.05, 0.1, 0.2, 0.25, 0.3, 0.4 and 0.5 m.moldm™=. The range of
concentration has been selected to mimic the levels frequently observed in the day to
day applications [177, 178]. The stability of these samples was analyzed using UV vis
spectrometry and dynamic light scatteringon 0, 1 h, 1, 5, 10, 20, 25, 30, 45 and 90 days.
The dissolved ionic Ag concentration in the samples during the experimental period was
monitored to assess the impact of the surfactants and the polymers on the dissolution of
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AgNPs. Images obtained using the transmission electron microscopy (TEM), Fourier
Transform Infrared Spectroscopy (FTIR) spectra and the results obtained for the zeta
potential in the presence and absence of surfactants and polymers were used to explain
the reasons for the variations in stability observed in the UV vis, DLS and ionic Ag
results. Furthermore, the stability of the pure AgNPs and AgNPs with DI water (no
surfactants or polymers) were also compared with the samples in the presence of

surfactants/polymers to understand the distinct effect of surfactants and polymers.

4.3 Results and Discussion
4.3.1 AgNPs characterization

The average size of the synthesized AgNPs was 31 + 0.1322 nm. More than 84% of the
particles were between 10 and 50 nm (Figure 4.1). The particles were reasonably
monodispersed in the suspension and had a spherical shape (Figure 4.1(a)) with a yellow
colour in the solution (Figure 4.1(b)). The size value obtained using DLS was the
maximum size based on the intensity distribution (39.86 + 4.3516 nm) (Figure 4.1(c)).
The synthesized AgNPs exhibited a characteristic peak at the wavelength of 392 £ 2 nm
in the UV-Vis absorption spectrum with a maximum absorbance of 0.734 (Figure
4.1(d)). The total Ag concentration of the synthesized AgNPs was 5.872 + 0.034 mg/L,
with an ionic Ag concentration of 2.265 + 0.002 mg/L. pH and zeta potential of the stock
AgNP solution was 8.04 and -28.64 + 1.6 mV respectively.
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Figure 4.1 Characterization of the synthesized particles (a) Morphology by the TEM
(b) Photo of the AgNP suspension (c) Size distribution of the suspension by DLS (d)
UV vis absorption spectrum

4.3.2 Evaluation of the AgNP stability

The aggregation of the AgNPs with different surfactants and polymers was evaluated
with a method combining UV vis spectrometry and DLS. After 1-hour incubation, the
UV-vis spectrum of the aqueous suspension of pure AgNPs exhibits an absorption peak
at 392 nm, which corresponds to the surface plasmon resonance (SPR) peak of AgNPs
(Figure 4.2). The SPR absorption at the characteristic wavelength, decreased from 0.69
to 0.32 upon the addition of pure DI water.

According to the UV-vis results, the characteristic wavelength and the peak absorbance
of AgNPs were changed depending on the type of surfactant or polymer and its
concentration in the short-term. With the addition of CTAB, the SPR peak wavelength
shifted from 392.7 nm (0 mM CTAB) to 412 nm (0.5 mM CTAB) (Figure 4.2(a)), with
an increase in the peak absorbance from 0.32 (0 mM CTAB) to 0.38 (0.5 mM CTAB)

(Figure 4.3(a)). Upon the addition of the Tween 20, the peak absorbance wavelength
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shifted from 392.2 nm (0 mM Tween 20) to 404.8 nm (0.5 mM Tween 20) (Figure
4.2(b)), with no obvious change in the peak absorbance (Figure 4.3(b)). With the
increase in the concentration of PVP, the peak absorbance wavelength shifted from
392.7 (0 MM PVP) nm to 413.4 nm (0.5 mM PVP) with almost no change in the peak
absorbance (Figure 4.2(c), Figure 4.3(c)). In the presence of PEG, there was a slight
shift in the characteristic peak, observed with the increasing PEG concentration (Figure
4.2(d)). The peak absorbance at the characteristic wavelength has slightly reduced from
0.32 (0 mM PEG) to 0.314 (0.5 mM PEG) (Figure 4.3(d)). However, the peak
absorbance at the characteristic wavelength increased up to PEG concentration of 0.1
mM and then decreased (Figure 4.2(d)). The red shift observed in the presence of
surfactants/polymers suggest that the particles were changed to a different form with a
new characteristic wavelength corresponding to the peak absorbance. All the pure
surfactant and polymer solutions, including CTAB, Tween 20, PVP and PEG displayed
no absorption in the wavelength region of 300-800 nm [177]. Thus, the intensity of
absorbance peak at the characteristic wavelength represents the concentration of AgNPs

in the presence of the surfactants and polymers.
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Figure 4.2 Change in the UV vis spectrum of AgNPs with concentration for (a) CTAB
(b) Tween 20 (c) PVP and (d) PEG after 1 h of incubation. AgNP concentration: 5 mg/L.
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Figure 4.3 Change in the UV vis spectrum of AgNPs with concentration for (a) CTAB
(b) Tween 20 (c) PVP and (d) PEG

The change of the particle size of the samples was investigated using DLS. The particle
size distribution of the AgNPs in the solutions changed with the surfactant/polymer
concentration, creating destabilization among the mono dispersed pure AgNPs (Figure
4.4). The particle size distribution observed in the low concentrations of CTAB (0.05
mM and 0.2 mM) after 1 h of incubation was almost monomodal like the pure AgNPs
except for some minor peaks observed around the diameter of 10 nm (Figure 4.4(a)). At
higher CTAB concentration of 0.5 mM several peaks can be observed in the particle
size distribution. This observation implies that with the increase in the CTAB
concentration the particle size of the solution changed and hence resulted in a
redistribution of the particle size. In the presence of 0.05 mM Tween 20, the mono modal
particle size distribution of AgNPs changed to a particles size distribution with two
obvious modes (Figure 4.4(b)). When the Tween 20 concentration was further
increased, the mode at the higher diameter gradually decreased and moved to the left,
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depicting a decrease in the particle size. When PVP was added to the system, the particle
size distribution changed with more peaks observed in the lower diameter region (Figure
4.4(c)). When the concentration of PVP in the system increased up to 0.5 mM, the
particle size distribution was widened, with three peaks observed at 5, 11 and 100 nm.
In the presence of PEG, the average particle size increased at 0.05 mM and then

decreased gradually with the increasing PEG concentration (Figure 4.4(d)).
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Figure 4.4 Change in the particle size distribution of AgNPs with concentration for (a)
CTAB (b) Tween 20 (c) PVP and (d) PEG after 1 h of incubation. AgNP concentration:
5 mg/L.

The increase in the particle size upon addition of surfactants or polymers can be due to
two reasons: the first one being aggregation occurred in the solution due to the ionic
substances and the second one being the coating induced by the surfactants or polymers
on the uncoated AgNPs. The emergence of the peaks below 10 nm can be due to the
dissolution occurred in the AgNP solution. In Figure 4.2 & Figure 4.4, the short-term

effects on the AgNPs due to the addition of surfactants or polymers were observed after

48



1 h of incubation to understand the effect of surfactants and polymers on the short-
term/instant transformations of AgNPs and to provide a basis for the long term study.
The short-term results provide an overview on the fate of AgNPs in the presence of
surfactants and polymers at initial stage. To completely assess the impact of surfactants
and polymers on the AgNPs, it is important to observe their long-term behaviour as well.
Hence the long-term study to evaluate the impact of surfactants and polymers on the

AgNPs was designed and carried out.

0.2 mM was selected as the representative concentration of surfactants and polymers for
long-term study as it is above the critical micelle concentration of surfactants and
polymers [173]. The particle size distribution obtained with the variation in time at a
constant surfactant or polymer concentration of 0.2 mM, is compared with the profile
of pure AgNPs and 0 mM surfactants/polymers in Figure 4.5. According to the particle
size distribution obtained for pure AgNPs (Figure 4.5(a)), the particle size started to
change after 1 d of incubation resulting in an increase in the average particle size. The
particle size further changed at the prolonged period, resulting in several peaks at the
time points of 45 and 90 days, deviating from the initial mono modal particle size
distribution. The particle size had the highest recorded at the time point of 90 days. In
the presence of DI water without surfactants/polymers (Figure 4.5(b)), the particle size
started to change upon the mixing with DI water. The monomodal particle size
distribution obtained for pure AgNPs changed to a particle size distribution with several
peaks. The emergence of different peaks changed throughout the experimental period,
implying that the storage of AgNPs in their original solution and DI water is not stable

when considering their long-term stability.

Several peaks appeared and disappeared over the course of time in Tween 20, PVP and
PEG samples (Figure 4.5(d), (e) & (f)), compared to the scenario under pure AgNPs and
in the DI water (Figure 4.5(a) & (b)). According to the results, the change in the particle
size distribution of the pure AgNPs is less compared to the change in the particle size
distribution of AgNPs + DI water mixture. This observation is due to the fact that the
uncoated AgNPs are stable on its own for some time, and when present in the DI water
their surrounding matrix change resulting in hindering the stability of pure AgNPs. The
instability of AgNPs in the DI water results in the change of the particle properties

producing a different particle size distribution with time. However, clean single modal
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particle size distribution can be observed in the presence of 0.2 mM CTAB during the
experimental period (Figure 4.5(c)). Furthermore, the particle size in the presence of
CTAB is higher compared to the other test conditions. Intensity of the peaks observed
above 100 nm, in the presence of CTAB is evident, while the peaks above 100 nm in
the other conditions is negligible. Furthermore, it can be observed that the size kept
increasing with the time (Figure 4.5(c)) in the presence of CTAB. On the other hand, it
can be observed that the peaks below 10 nm have gradually decreased in the presence
of Tween 20 (Figure 4.5(d)) but increased in the presence of polymers with time (Figure
4.5(e) & (f)), which suggests that the dissolution of AgNPs to ionic Ag took place
continuously throughout the experimental period in polymer solution.
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Figure 4.5 Change in the particle size distribution of AgNPs with time for (a) only
AgNPs (b) 0 mM surfactant/polymer (c) CTAB (0.2 mM) (d) Tween 20 (0.2 mM) (e)
PVP (0.2 mM) and (f) PEG (0.2 mM). AgNP concentration: 5 mg/L.
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The results described above on the change in the particle size distribution with the
different surfactants and polymers with time can be further proved with the observation
made in the UV vis spectrum recorded with time as shown in the Figure 4.6. In the
presence of CTAB, particles tend to aggregate with time as well even though the particle
size distribution is mono modal (Figure 4.6(a)). TEM imaging was carried out to observe
the aggregation process and to study the stabilization of the AgNPs in the presence of

different surfactants/polymers.
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Figure 4.6 Change in the UV vis spectrum of AgNPs with time for (a) CTAB (0.25 mM)
(b) Tween 20 (0.25 mM) (c) PVP (0.25 mM) and (d) PEG (0.25 mM). AgNP

concentration: 5 mg/L.

The images obtained on day 1 and day 45 are shown in Figure 4.7. Compared to the
TEM images of the pure AgNP, the particle morphology and dispersion are very
different with the presence of surfactant and polymers. The morphology of AgNPs
dispersed in CTAB solution changed distinctly after the incubation for 1 day, which is
illustrated by the original structure of AgNPs being corroded partly or entirely, with the
appearance of many NPs. At a prolonged period (45 days), CTAB further stabilized the
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particles and resulted in stable particles in the solution (Figure 4.7(g)), also as shown by
the monomodal particle size distribution obtained Figure 4.5(c). In the presence of
Tween 20, individual and non- aggregated particles were observed (Figure 4.7(c)). As
observed in the particle size distribution (Figure 4.5(d)), the tendency for aggregation
in the prolonged period in the presence of Tween 20 can be observed in the TEM images
obtained after 45 days of incubation (Figure 4.7(h)). A similar phenomenon to CTAB
was observed in the case of PVVP, which could account for the facilitated dissolution of
AgNPs in the solution. It can be visualized in the images as the particles are spotted dark
black and there is some grey coloured spot around that, which is due to dissolution. This
result is further confirmed by the results obtained for the particle size distribution where
many smaller particles are observed than bigger particles (Figure 4.5(e)). However, the
particles were isolated as well as aggregated (Figure 4.7(i)) after a prolonged period
resulting in a multimodal particle size distribution as observed in Figure 4.5(e). AgNPs
retained their intact particle structure and the morphology did not change significantly
after 1 d of incubation with PEG (Figure 4.7(e)). After longer period, slight aggregation
was observed (Figure 4.7(j)), which is consistent with the multi modal particle size
distribution observed at Figure 4.5(f). When comparing the TEM images obtained at
different time points, the AgNPs are more likely to be intact in the presence of the
surfactants and polymers compared to the scenario in the absence of surfactants and
polymers. More TEM images obtained at different magnifications are included in

Figure 4.8.
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Figure 4.7 TEM images of the AgNP solutions in the (a,f) absence of
surfactants/polymers and in the presence of (b,g) CTAB (0.2 mM) (c,h) Tween 20 (0.2
mM) (d,i) PVP (0.2 mM) and (e,j) PEG (0.2 mM) obtained after 1 day and 45 days of

incubation respectively. AgNP concentration: 5 mg/L.
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Figure 4.8 TEM images of the AgNP solutions in the presence of (a) CTAB (0.2 mM)
(b) Tween 20 (0.2 mM) (c) PVP (0.2 mM) and (d) PEG (0.2 mM) obtained after 1 d of

incubation at different magnifications. AgQNP concentration : 5 mg/L.

4.3.3 Change in the ionic Ag concentration

The results obtained for the ionic Ag concentration of the AgNP dispersions in the
presence of different surfactants and polymers are shown in the Figure 4.9. According
to Figure 4.9, the ionic Ag concentration increased with the increasing surfactant or
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polymer concentration. The ionic Ag concentration observed in the presence of Tween
20 was higher than that of CTAB (Figure 4.9(a) & (b)). In the presence of polymers, the
ionic Ag concentration observed in the presence of PVP was lower than in the presence
of PEG, at lower concentrations. When the polymer concentrations further increased,
the ionic Ag concentration in the presence of PVP is higher than that of PEG (Figure
4.9(c) & (d)). When the time factor is considered in the dissolution, it can be observed
that the dissolution increased with the time in the presence of both the surfactants and
polymers in the initial points of time and became stable during the prolonged period up
to 90 days.
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Figure 4.9 Change in the ionic Ag concentration of AgNPs with the time in the presence
of different concentrations of (a) CTAB (b) Tween 20 (c) PVVP and (d) PEG during long
term experiments. AgNP concentration: 5 mg/L.

Interactions of the surfactants or polymers with the AgNP surface can be further
understood from the critical coagulation concentration (CCC) value obtained from the
simplified calculations of the effective charge of the compounds that induces the
aggregation process. The DLVO theory predicts the CCC value by considering the
repulsive electrostatic interactions and the van der Waals attractions [97]. This

prediction can be approximated as mentioned in Eqn. (4.1):
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87 x 10740
CCC=—7spm — (4.1)

where z represents the charge of the counterion of the added electrolyte and A stands
for the Hamaker constant in Joules for CCC in moles per liter. As the best estimation
for the value of Hamaker constant for an interacting pair of AgNPs, the value of 39 x10°
20 J has been determined experimentally using the atomic force microscopy (AFM)
method [177]. The zeta potential varied with the type and concentration of surfactants
and polymers (Figure 4.10).

The zeta potential of AgNPs reflects the surface electric potential and has a significant
impact on the stability of AgNPs as mentioned in the Eqn. (4.1), which governs the
CCC, when the Hamaker constant is a constant for a single type of NPs. The zeta
potential of pristine AgNPs was —28.64 mV, suggesting that they were negatively
charged, and there was a repulsive force between the AgNPs. As shown in Figure 4.10,
the zeta potential of AgNPs decreased in the solution of Tween 20, PVP and PEG, but
increased distinctly in the presence of the cationic surfactant CTAB. In addition, the
zeta potential increased with an increase in the concentration of the cationic surfactant
(Figure 4.10(a)). The increase in the zeta potential could result in a significant decrease
in the CCC (Eqgn. (4.1)) and eventually in the electrostatic repulsion between the
surfactants and the surface of AgNPs. This phenomenon consequently promotes the
attachment of the cationic surfactants to the AgNP surfaces via electrostatic attractive

interaction, and then neutralize part of the negative charges.

In the presence of surfactants, the zeta potential differed on the basis whether they are
ionic or non-ionic. When the CTAB concentration increased, zeta potential also
increased with a positive value resulting in more positive surface charge, since CTAB
is a cationic surfactant (Figure 4.10(a)). In the presence of the non-ionic, Tween 20, the
zeta potential decreased with the increasing Tween 20 concentration (Figure 4.10(b)).
The zeta potential of the AgNP solutions decreased with the increase in the PVP
concentration (Figure 4.10(c)), resulting in a more stable solution as exhibited with the
results obtained for the SPR peak and the particle size distribution. With the increase
in the PEG concentration, the zeta potential increased up to 0.2 mM and then decreased

with the further increase in the polymer concentration (Figure 4.10(d)).
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Figure 4.10 Change in the zeta potential for (a) CTAB, (b) Tween 20, (¢) PVP and (d)
PEG after 1 h of incubation. AgNP concentration: 5 mg/L.

When considering the zeta potential distribution of AgNPs dispersed in the different

surfactants and polymers, the most stable distribution was obtained in the presence of

CTAB with a mode around -50 mV. The zeta potential distribution for pure AgNPs

displayed several peaks, and they were reduced to one or two peaks upon addition of

different surfactants or polymers (Figure 4.11). The zeta potential of the solution did not

show any obvious change during the long-term experiments.
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Figure 4.11 Change in the zeta potential distribution of AgNPs in the presence of

different surfactants and polymers after 1 h of incubation. AgNP concentration: 5 mg/L.

Figure 4.12 shows the FTIR spectra of studied surfactants and polymers and the
mixtures of AgNPs and the studied surfactants and polymers. The characteristic peaks
of CTAB (Figure 4.12(a)) can be observed at 2915 cm™ (asymmetric -CHa stretching),
2845 cm (symmetric -CH stretching)[179], 2285 cm™ (C-H stretching), 1562 cm™ (C-
C stretching), 1398 cm™ (C-H bending vibration)[180], and 710 cm™ (C-H stretching)
[181]. Most of these peaks observed in the spectrum of CTAB has disappeared in the
spectrum of AgNP and CTAB mixture. This phenomenon could be due to the
suppressed vibration of chemical bonds of CTAB molecule as a result of the interaction

between CTAB and AgNPs.
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Figure 4.12 Change in the FTIR spectrum of the AgNP solutions as a function of (a)
CTAB (b) Tween 20 (c) PVP and (d) PEG concentration

The FTIR spectrum of Tween 20 is shown in Figure 4.12(b). Absorption peaks have

been observed at 2892 cm™ (asymmetric and symmetric -CH stretching vibrations) ,
1734 cm™ (-RCOOR group), 1089 cm™ (stretch vibration of -CH2-O-CHa-) in the FTIR
spectrum of Tween 20 [182, 183] as shown in Figure 4.12(b). Most of these peaks have

disappeared in the spectrum of the mixture of Tween 20 and AgNPs. At low

concentration of Tween 20 (0.5 mM), an absorption peak at 993 cm™ has emerged due
to the blue shift of absorption band for the stretch vibrations of -CH>-O-CH.-. At higher

concentration, these peaks have disappeared yet a relatively small peak can be observed
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at 2648 cm™ , which can be due to the blue shift of asymmetric and symmetric methylene

stretching vibrations of Tween 20 in the presence of AgNPs [182].

Absorption bands in the regions, 2950-2920 cm™ and 1420 —1430 cm™* were observed
in the FTIR spectrum (Figure 4.12 (c)) obtained for PVP, which correspond to the —CH>
and —CH groups of the polymer respectively. More peaks were observed at 1,291 (C-N)
and 1,644 (C=0) cm™[184]. In the FTIR spectrum obtained for AgNP and PVP mixture,
the typical -CH bands in PVVP were observed. Furthermore, the peaks corresponding to
C-N and C=0 in PVP have shifted to 1285 and 1652 cm™ respectively. The peak shift
observed in the mixtures can be attributed to the formation of coordination bonds
between the N or O atoms in the PVP molecules with AgNPs [185].

The spectrum of PEG was shown in Figure 4.12(d). the peaks at 1467 and 1361 cm™
are attributed to -CH,- Scissoring vibration [186] and -CH- rocking vibration,
respectively. The peaks at 1084 and 940 cm™ belong to C-O-C stretching [186]. The
peaks observed in PEG disappear in the spectrum of AgNPs in the presence of 0.05 mM
PEG. The peak observed at 1084 cm™ in the spectrum of AgNPs and PEG (0.5 mM)
mixture is attributed to the binding of C-C-O and C—C—H groups with AgNPs [187] as
shown in Figure 4.12(d).

The results obtained using the zeta potential and FTIR further provide evidence that the
AgNPs are differently affected by the type and the concentration of surfactants and
polymers. In the presence of CTAB, positive zeta potential values suggest the formation
of micelle clusters closer to the NP surface stabilizing the AgNPs and this was also
illustrated by the FTIR spectra (Figure 4.12(a)). No possible creation or loss of bonds
other than the inherent bonds were identified in the FTIR spectra with presence of
Tween 20, due to the fact that the Tween 20 is a non-ionic surfactant (Figure 4.12(b)).
In the presence of polymers, i.e. PVP and PEG, the FTIR spectra show the coordination
bonds between the polymers and AgNPs (Figure 4.12(c) & (d)).

4.3.4 Impact of surfactants and polymers

In the presence of the cationic surfactant, CTAB, there was no evidence of immediate
aggregation revealed in the AgNP dispersions (Figure 4.2(a) & Figure 4.4(a)). However,
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when the AgNP dispersion was incubated with CTAB for a longer period up to 90 days,
a decrease in the absorbance at the characteristic wavelength was observed (Figure
4.6(a)), maintaining a mono modal particle size distribution (Figure 4.5(a)). The
stabilizing effect of CTAB in obtaining a mono modal particle size distribution can be
related to two effects. First, according to the DLVO theory, stability is improved by a
significant increase in the absolute value of the surface charge of NPs as reflected in the
increase of the zeta potential (Figure 4.10(a)). Even though the electrostatic stabilization
is of greater importance, the effect of the proposed double layer structure should also be
considered. The combined effects induced by CTAB resulted in a monomodal particle
size distribution of the AgNPs. Therefore, even at a low concentration of CTAB (0.05
mM), AgNPs were stabilized into a mono modal particle size distribution (Figure
4.4(a)). CTAB coating on the AgNPs suppressed the release of ionic Ag. Hence, the
concentration of dissolved ionic Ag was less during the long-term incubation compared

to the other surfactants and polymers.

In the presence of the non-ionic surfactant, Tween 20, the particles were less stable
compared to the particles in the presence of CTAB (Figure 4.4(b), Figure 4.5(b) &
Figure 4.9(b)). Even though a slow aggregation process was observed after the first 1
h, it was not strengthened further at a prolonged period. Contrary to the rate of
aggregation, a higher dissolution was observed in the presence of Tween 20 (Figure
4.5(b) & Figure 4.9(b)). A secondary peak was observed around the wavelength of 500
nm after 1 hour (Figure 4.6(b)), which corresponds to the formation of weakly
interactive AgNP aggregates [188]. These weak interactions between the AgNPs and
Tween 20 demonstrates the stabilization of the AgNPs by Tween 20 as observed in the
TEM images (Figure 4.7(c), (h) & Figure 4.8 (b)). The improvement in the AgNPs
stability induced by Tween 20 as compared to the condition of without
surfactant/polymer is mainly related to steric stabilization, which can be linked to the
reorganization of the surface structure. The stabilizing effect induced in the presence of
Tween 20 can also be observed from the slower growth of the size of the aggregates
over time (Figure 4.5(b)). The stabilization effect induced by Tween 20, can be occurred
due to the weak adsorption of the molecules onto the AgNP surface [97]. The weaker
stabilization observed in the presence of Tween 20 can be occurred due to the structural
behavior of the molecules reflected in the hydrophilic-lipophilic balance (HLB) value.

The HLB value is from 0-20 for non-ionic surfactants and approximately 15 for Tween
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20 [189]. When the HLB value is higher, the surfactants tend to exhibit less effective
stabilization and tend to become hydrophilic [190].

In the presence of polymers, PVP and PEG, a different bonding mechanism on the
surface of the AgNPs was observed due to the differences in physical and chemical
properties between the two types. The PVP group bonded strongly on the AgNP surface
using the nitrogen atom in the molecule [163] (Figure 4.12 (c)), and PEGs weakly
bonded on to the AgNP surface through the oxygen atom [177] (Figure 4.12 (d)). Higher
amount of dissolution took place in the presence of PVP as revealed by the peaks
observed below 10 nm in the particle size distribution (Figure 4.4(c) & Figure 4.5(c)).
This can be due to the interconnection of the AgNPs through the molecular chains of a
weak polymer in the tail mode. The slow aggregation of AgNPs, initiated immediately
by PVP is similar to the flocculation which is a reversible process [124, 163, 191, 192].
Due to the weak interactions with the AgNP surface, PEG molecules can be easily
replaced by other molecules compared to PVP molecules. PEG group polymers exhibit
a marginal influence on the colloidal stability and the aggregation in the aqueous
dispersions of AgNPs (Figure 4.4(d), Figure 4.5(d) & Figure 4.9(d)). This could be
attributed to the formation of a surface layer on the surface of AgNPs by PEG, hence
the other molecules such as water cannot penetrate through the adsorption layer of the
AgNPs.

4.4 Conclusion

The mono dispersed, uncoated AgNPs were freshly synthesized using an oxidation-
reduction method and used during the study in the presence of different surfactants and
polymers to assess the colloidal stability, physical phenomena of aggregation and
dissolution. According to the results obtained using a multitude of techniques, it was
found that the surfactants stabilize the AgNPs better than the polymers and assist in
obtaining a monomodal particle size distribution. From the two surfactants used during
the experiments, CTAB being a cationic surfactant showed promising characteristics as
a suitable stabilizer which can preserve the synthesized AgNPs for an extended period
with less dissolution, compared to the others. The results obtained during this study
provide an improved interpretation on the impact of surfactants and polymers on the
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temporal changes of the AgNPs during their fate and transformations in the aquatic

matrices.
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5 Impact of solution pH on the colloidal stability
of AgNPs

This chapter discusses the impact of the solution pH on the colloidal stability of AgNPs.
Section 5.1 is an introduction to the study. Detailed experimental methods used are
described in the section 5.2. Section 5.3 presents the results obtained during the study
followed by an extensive discussion in the section 5.4. Key conclusions derived during

the study are summarized in the section 5.5.
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5.1 Introduction

The environmental conditions where nano silver is suspended play a key role in
governing the transformations of the AgNPs [102]. The factors affecting the
environmental chemical conditions include pH [27], ionic strength [7], dissolved
oxygen, dissolved organic matter [127] and microbial extracellular polymeric
substances (EPS) [145]. Of which, pH is one of the most important parameters
governing the physical and chemical status [76]. Altering the liquid pH can influence
the surface charge and the extent of dissolution of AgNPs, which eventually determines
the fate of the AgNPs [7].

Although there has been extensive research on the fate of AgNPs in the aquatic
environment, the emphasis on the impact of pH on the aggregation and dissolution of
AgNPs in environmentally relevant conditions is minimal. When the pH is considered,
the environmental conditions usually observed are pH 5-8. Several studies focused on
how extreme low pH would change the properties of AgQNPs or how pH change would
affect AgNPs in short term incubation conditions [7, 27, 77, 104-106]. The pH range of
5-8 has not been vividly investigated. Further, in most cases, the AgNPs used in the
studies are commercially available particles or particles with different types of surface
coatings. It should be noted that the coatings are likely detached from the surface once
exposed to open environment [193]. Such detachment may also affect the true changes

occurred.

In the highly acidic environment, the physical and chemical properties of the AgNPs
can be modified and can affect their final form, fate and transformation in the
environment [103]. When exposed to environment, AgNPs may undergo different
changes in their state, surface charge and morphology. Since the major transformation
of AgNPs was observed to occur within several minutes of exposure to acid [194], the
modifications have not been fully understood resulting in a lack of knowledge on these
processes. For example, in the highly acidic environment, different degrees of particle
growth have been observed in which the transformation proposed to occur via a step by
step process: first via aggregation from the loss of coating followed by the release of
ionic silver and finally the formation of precipitates such as silver chloride [194]. An

initial time point of measurement was normally after 10 mins in most of the previous
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studies, implying that there is a deficiency of data within a key time frame during which
particles undergo their most rapid transformation [105, 106], making the use of previous

data challenging in interpretation of these phenomena.

This study provides an improved interpretation on how the solution pH altered the
properties of particles over the time, due to its impact on the particle size and dissolved
silver concentration. It can be further influenced by the dissolved oxygen as well
according to the derived empirical formulae. In summary, the results provide an insight
into how the particle properties of AgNPs change as they age in the aquatic matrices

and suggest how the particles evolve in the acidic and alkaline pH conditions.

5.2 Experimental methods
5.2.1 Stability of AgNPs under different pH

A series of samples was prepared from the pure AgNP stock solution to evaluate the
changes over a period of 24 days. pH was varied in the range of 4-9 in the short-term
experiments (up to 1 hour) and 5-8 in the long-term (0-24 days) experiments. Aliquots
of 10% (w/v%) HNOs or 10% (w/v%) NaOH were used to adjust the pH value to the
desired target. All the experiments were carried out in the ambient environment at 25 +
2 °C and analyzed in 2 min, 10 min, 20 min and 1 hour for short term experiments and
in 1 hour, 24 hours, 7 days and 24 days for long term experiments. Before measurement,
the samples were thoroughly mixed for approximately 1 min in screw capped 50 ml
centrifuge tubes kept at room temperature (25+ 2 °C). Each type of experimental sample
was prepared in triplicate; therefore, the result represents the average of these three

samples.

LCTEM experiments were carried out using a Poseidon 210 liquid fluid holder
(Protochips Inc.) with liquid cell e-chips containing silicon nitride (SisN4) membrane
with a thickness of 50 nm using a JEOL 2010 HR TEM operated at 200 kV. Parallel
beam TEM mode was used to record the in-situ images with a dwell time of 0.2 s per
frame and hundreds of frames for each sequence [195]. Freshly synthesized AgNPs was
used with 10 % (w/v%) HNOg acid to investigate the aggregation phenomena in the
acidic condition (pH ~ 5.5) and the DI water to investigate the aggregation phenomena

in the neutral conditions.
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Dissolution of the AgNPs induced by the irradiation of the electron beam in the DI water
can be observed in some instances. However, recrystallization of dissolved ions was not
observed during the experimental conditions. This dissolution of AgNPs under these
conditions will vary on different factors such as irradiation time, dose rate and beam
strength. All the images presented in this chapter were acquired under the experimental

conditions where no obvious dissolution was occurred.

5.2.2 Stability of AgNPs under different oxygen concentrations

It should be noted that dissolved oxygen (DO) level is a parameter that cannot be ignored
when investigating the pH effect. To evaluate the stability of the synthesized AgNPs
under different DO levels, three samples were prepared. The first sample was exposed
to the ambient environment where there would be atmospheric oxygen exchange with
the sample. The second sample was sparged with N2 and capped immediately after N2
sparging, and the capped sample was kept at the ambient environment. There would be
some oxygen dissolved when the cap was opened for sampling. The third sample was
sparged with N2, capped and kept in the anaerobic chamber. All the samples were
covered with aluminium foil to avoid the impact of light on the AgNPs. The SPR peak,
pH, zeta potential and the particle size of the three samples were monitored for two
weeks and the results are mentioned in Fig. S10-12.

5.3 Results
5.3.1 Characterization of the synthesized AgNPs

The average size of the synthesized AgNPs was 26 + 1.248 nm. TEM results show the
diameters of more than 81% of the counted AgNPs ranged between 10-50 nm. The
particles were reasonably monodispersed in the suspension and had a spherical shape
(Figure 5.1(a)) with a light-yellow color in the solution (Figure 5.1(b)). The size value
obtained using DLS was the peak size based on the intensity distribution (36.76 £ 5.172
nm) (Figure 5.1(c)). The synthesized NPs showed a characteristic peak at the
wavelength of 391 £ 2 nm in the UV-Vis absorption spectrum with a peak-absorbance
of 0.726 (Figure 5.1(d)). The total silver concentration of the synthesized AgNPs was
5.929 £ 0.025 mg/L with a dissolved silver concentration of 2.278 + 0.004 mg/L. The
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pH and the zeta potential of the pure AgNP stock solution was reported to be 8.03 and
-29 £ 1.9 mV respectively.
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Figure 5.1 Characterization of the synthesized particles (a) Morphology by the TEM (b)
Photo of the AgNP suspension (c) Size distribution of the suspension by DLS (d) UV
vis absorption spectrum.

5.3.2 Short-term pH impact

The peak absorbance at the characteristic wavelength (391 £ 2 nm for AgNPs) implies
the concentration of AgNPs in the solution [196]. The freshly synthesized AgNPs (also
denoted as pure AgNPs) displayed a clean and relatively narrow SPR with a peak
absorbance of 0.701 at 391 nm (Figure 5.2). The introduction of acid lowered the SPR
peak to 0.15 and 0.35 at pH 5 and 6 respectively (Figure 5.2(a) & (b)). In the condition
of pH 7, where no acid or base was added and only diluted with DI water, the SPR was
reduced from original 0.701 to 0.342 due to the dilution hence causing hindrance to the
solution matrix of pure AgNPs (Figure 5.2(c)). At pH 8 (minor pH adjustment from pure
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AgNPs solution), the SPR reduced from 0.701 to 0.61 after 2 minutes and remained

almost stable for the rest 1 hour of evaluation (Figure 5.2(d)).
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Figure 5.2 Short-term changes in the UV vis spectrum at (a) pH 5 (b) pH 6 (c) pH 7 and
(d) pH 8.

Rapid size change in the AgNPs was observed in the first few minutes (Figure 5.3 (a)).
From a z average size of 36.76 nm (mode 38.32 nm), the particle size increased to a z
average (z avg) size of 433.2 nm within 1 hour, when the solution pH was changed to
pH 4. Similarly, the rate of change of z avg diameter was also changed within this 1-
hour time (Table 5.2). The largest size was observed at pH 4, and the size gradually

decreased with the increasing pH.

The size values obtained at different pH were further confirmed by the results obtained
from UV vis spectrum (Figure 5.3(b)) and the particle size distribution (Figure 5.3(c)).
The UV vis spectrum shows a significant decrease in the absorbance from 0.701 to 0.19
at pH 7 within 1 hr. The peak absorbance further decreased with the decreasing pH
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(Figure 5.3(b)), meantime, a considerable peak absorbance was visible at the
wavelength from 500 - 600 nm. It has been reported that 500 - 600 nm is the wavelength
used for characterization of AgNP aggregates[197]. Thus, significant amount of AgNP
aggregates may appear under low pH conditions. For the solution with the pH in the
alkaline region, the decrease in the absorbance was far less compared to the acidic region
suggesting that the solution was more stabilized in the alkaline pH. When pH was above
8, the peak absorbance wavelength shifted slightly to the right (Figure 5.3(b)), while
maintaining the peak absorbance almost at a constant level regardless of the pH value.
The particle size distribution at acidic pH shifted to the right with the peaks in between
300-400 nm (Figure 5.3(c)) suggesting that the particles were destabilized in the acidic
conditions and larger sized particles were formed due to the increased particle
aggregation [102]. In contrast, the particles in the alkaline conditions became more
stable with a particle size distribution similar as pure AgNPs (Figure 5.3(c), Table 5.1).
The dissolved silver concentration shows a decreasing trend with the increasing pH
(Figure 5.3(d)).

Above observation provides evidence that the short-term aggregation Kinetics of the
AgNPs is dependent on the solution pH. A higher rate of change was observed in the
lower pH at pH 4 (Table 5.2). With the increasing pH, the rate of change decreased
depicting that the rate of aggregation was higher in the acidic region compared to
alkaline region (Table 5.2). The phenomenon of aggregation could be divided into two
main phases [76]. The first phase was where the faster rate of aggregation occurs, which
corresponded to the aggregation of individual AgNPs into smaller clusters. During the
second phase these smaller clusters came together to form larger clusters which
happened in a lower rate. As shown in Figure 5.3(a), this phenomenon took place in the
acidic region whereas in the alkaline region or in higher pH, particle size remained

almost constant during the experimental period of 1 hour.
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Figure 5.3 Change in the (a) aggregation kinetics (b) UV vis spectrum (c) particle size

distribution and (d) dissolved silver concentration during 1 hour.

5.3.3 Long-term pH impact

pH 5, 6, 7 and 8 were chosen for the long-term study. The results show that the SPR
peak decreased with the time for all pH conditions with significant changes occurred at
pH 5, 6 and 7 (Figure 5.4(a), (b) and (c)) and the highest rate of change occurred in pH
5. At pH 8, there was a red shift in the peak absorbance but the SPR shifted back slightly
at the later stage and remained above 0.6 (Figure 5.4(d)).
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Table 5.1 Hydrodynamic diameter? under different pH conditions.

1 hour 24 hours 7 days 24 days
Experimental
sample mode zavg Pdl mode zavg Pdl mode zavg Pdl mode zavg Pdl

Pure AgNPs  38.32 36.76 0.384 40.12 378 0.19

pH 4 396.1 4332 0.271

pHS5 342 3241 036 396.1 4332 0.271 4587 5065 018 531.2 5227 0.275

pH 6 37.84 4192 0545 58.77 68 0584 7821 763 0526 91.28 842 0.546

pH 7 18.17 7515 0375 50.75 478 0505 68.06 692 0576 834 824 0.524

pH 8 2821 2257 0565 21.04 2033 0512 2481 2466 0.423 2941 27.46 0.467

pH9 2436 1944 0.58

aThe hydrodynamic diameters and the polydispersity index values have been derived

from an average of 10 replicate scans during the measurements.
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The particle size distribution in the acidic condition (Figure 5.5(a)) shows that most of
the particles were larger (peak at 342 nm) than in the pure AgNPs after the first hour.
TEM imaging (Figure 5.6) displays the AgNPs in aggregated clusters which could be
attributed to the solution destabilization and subsequent aggregation. The results
indicate that the aggregation took place within the first hour in a faster rate, then
remained relatively stable after 24 hours. Over the extended period, more particles
evolved into larger particles. This peak then remained largely unchanged although there
was some increase in a small number of much larger aggregates at approximately 4000
nm. In the neutral and alkaline pH conditions, the particle size remained below 100 nm
throughout the experimental period (Figure 5.5(¢) & (d)). TEM images obtained for pH
8 depict more stabilized individual particles compared to the images obtained at the
acidic conditions (Figure 5.6).
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Figure 5.5 Change in the particle size distribution at (a) pH 5 (b) pH 6 (c) pH 7 and (d)
pH 8.
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(b)

Figure 5.6 TEM images obtained at (a) pH 5 & (b) pH 8.

The zeta potential results obtained for solutions at different pH after 24 hours incubation
can be found in Figure 5.7. The results support the results obtained using DLS and UV
vis and show that during the alkaline conditions the particles were relatively stable than
in the acidic conditions due to the re-stabilization occurred by the negatively charged
hydroxyl ions resulting in negative zeta potential. The positive yet the less than 25 mV
zeta potential value obtained at pH 5, shows the degree of de-stability occurred in the
acidic conditions, due to the addition of protons into the solution which hindered the

stability of negatively charged AgNPs in the solution.
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Figure 5.7 Change in the zeta potential at different pH.

The increase in the dissolved silver concentration at pH 5 and 6 (Figure 5.8(a) & (b))
was probably due to the ionic silver released from AgNPs or due to the oxidative
dissolution of AgNPs [106]. On the other hand, Ag+ concentration at pH 7 and 8
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decreased with the time (Figure 5.8 (¢) & (d)). The degree of the dissolution of ionic
silver from AgNPs reduced with the increasing pH (Table 5.2). To verify the potential

precipitation, EDX analysis of the samples were carried out and the results are
mentioned in Figure 5.9 & Table 5.3. The EDX results reveal that there was no

precipitation observed in pH 5, 6 and 8.

Table 5.2 Summary of the calculated rate values obtained under different conditions

Absorption Kinetics (a.u.)

Dissolution

Aggregation

pH Short term Long term Kinetics (ppm) Kinetics (nm)

Rate® R? Rate® R? Rate® R? Rate® R?
4 9426.2 0.9617
5 12961 09401 0.0030 0.9190 0.0396 0.9111 4890.2 0.9561
6 05762 0.9927 0.0002 0.9149 0.0304 0.9106 1503.4 0.9396
7 08964 09642 0.0028 0.9584 0.0271 0.9768 259 0.9038
8 0.2886 0.9485 0.0001 0.9015 0.0176 0.9238 8.6 0.9261
9 1.7 0.9132

bthe values mentioned are the rates of change per day in the respective category.
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Figure 5.9 EDX analysis of samples at pH 5, 6 and 8.

Table 5.3 Elemental Composition of the samples

pH5 pH 6 pH 8
Element Weight  Atomic  Weight  Atomic  Weight  Atomic
(%) (%) (%) (%) (%) (%)
O 25.60 69.48 23.20 66.64 9.44 40.63
Cl 0.69 0.84 0.74 0.96 1.21 2.35
Ag 73.71 29.68 76.06 32.40 89.35 57.02
Total 100 100 100 100 100 100

5.3.4 In-situ imaging of AgNP aggregation

The aggregation of AgNPs under acidic and neutral conditions was observed using in-
situ TEM imaging. The time series TEM images were processed and illustrated in the
Figure 5.10. In the acidic conditions, all the particles present within the frame
aggregated within 85.8s (Figure 5.10- upper row). On the other hand, there were
individual particles in the frame without attaching to the aggregates that previously
formed after 175s in the neutral condition (Figure 5.10- lower row). According to these
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time series images it is further evident that the rate of aggregation is higher in the acidic

conditions compared to the neutral conditions.

In the Figure 5.10, the aggregates formed in each frame were circled in red. According
to the time series images, the time taken for two single particles to aggregate was 34.6
s and 64.5 s under acidic and natural conditions, respectively. However, the time
required for a single particle to aggregate into an already formed aggregate was shorter
(22.6 s and 24.9 s under acidic and natural conditions, respectively). This implies the
energy barrier that the single particles need to overcome may be higher compared to the
same for a cluster or an aggregate[198]. This can be clearly viewed in the videos

showing the movement of particles in neutral and acidic solution (SI Movie 1 & 2).
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Figure 5.10 Formation of AgNPs aggregates in the time series in acidic condition (upper

row) and neutral condition (lower row).

5.4 Discussion

The aging process of the spherical, freshly synthesized uncoated AgNPs during the short
-term experiments took place at a higher rate of reaction compared to the same during
the long term experiments (Table 5.2), while aggregation dominated the short term
transformations. Understanding the impact of the pH will not be completed without

studying the potential impact of the DO in the solution matrix. Therefore, the DO effect
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has also been discussed in terms of aggregation and dissolution during this study (Figure
5.11-Figure 5.13). However, the results reveal that the impact of DO during the short-
term experiments was negligible compared to the impact during the long-term study.
The individual and the cumulative impact of DO and pH on the oxidative dissolution

and aggregation are discussed in detail in this section.

The results show that the AgNPs were relatively more stable in the reduced oxygen
conditions than in the ambient conditions (Figure 5.11). The change in the SPR was less
in the suboxic condition compared to the ambient condition after 15 days of incubation.
Under the ambient conditions, the SPR reduced from 0.88 to 0.48 (Figure 5.11a).

Under the anaerobic conditions, the peak absorbance was not changed in the first day
but after 5 days it was reduced from 0.88 to 0.76 with a shift in the peak to the right and
remained stable over the rest of the two weeks (Figure 5.11c). The peak shift implies
that the concentration of AgNPs in its original form decreased and the particles
stabilized in the anaerobic environment [196]. Considering all the observation under
these three conditions, it is evident that the highest rate of stability was observed in the
anaerobic conditions. The observation was further proved by the TEM images obtained
under different conditions (Figure 5.12). The change of the pH and the particle size
distribution of the AgNPs in different DO conditions can be found in Figure 5.13.
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Figure 5.11 Change in the UV vis spectrum in the (a) ambient condition (b) suboxic

condition and (c) anaerobic condition.
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Figure 5.12 TEM images obtained in the (a) ambient condition (b) suboxic condition

and (c) anaerobic condition.
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Figure 5.13 (a) Change of the pH in different DO conditions (b) Change of the particle

size distribution in different DO condition.

In this study, it was assumed that the dissolved oxygen level in all the samples remained

constant (saturated level) and the impact from DO was minor compared to that from pH.

To verify the hypothesis, the stability of pure AgNPs without pH adjustment was

monitored over 15 days (Figure 5.13(a)). The SPR peak change of the pure AgNPs was

used as a baseline to illustrate the DO (sole factor) impact on AgNPs (Figure 5.14). The

SPR curves obtained from various pH were normalized with the peak absorbance of

pure AgNPs on respective days (e.g. day 1). This is to eliminate the changes caused by

background DO and reflect the true effect of pH. A set of the normalized curves obtained

on day 1 are shown in the Figure 5.15. The results confirmed that the change in the SPR

caused by pH was evidently significant compared to the change caused by DO. This
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information clearly depicts that the impact of pH on the aggregation hence the colloidal

stability of AgNPs was higher compared to the impact of DO.
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Figure 5.15 Normalized curve to distinct between the impact of dissolved oxygen and
pH.

The oxidative dissolution of AgNPs in the solution takes place with the reactions where
the metallic Ag is oxidized by oxygen and subsequently reacts with protons (Eqgn. (5.1),
(5.2)) [106, 199] .
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Ag,0(s, + 2H* = 24g* + H,0 (5.2)

As illustrated in the Eqgn. (5.1) the oxygen concentration plays a critical role in the
dissolution of AgNPs. During the experiments, it was assumed that the oxygen
concentration was kept constant, since DI water was used from the same source and all
the experiments were conducted in the ambient environment. The overall reaction took
place in the solution can be illustrated as in Eqn. (5.3). It shows that the DO and solution

pH directly contribute to the dissolved silver concentration.
449 + 0, + 4H' - 4Ag* + 2H,0 (5.3)
The hard sphere collision theory can be utilized to determine the dissolution kinetics of

AgNPs [59]. According to the theory, rate (y,,+ ) of ionic silver (Ag*) release during

the overall oxidation of Ag ) to Ag™ from the above reaction is shown in the Eqn. (5.4).

3 (8mksT\"/? —E
Vagt =2 (o) oo (om0 S P lAg] (64)
B B

where kg is the Boltzmann constant; T is the absolute temperature (K); mp is the
molecular weight of the reactant B (g/mol), which is either oxygen or protons in this
case; p is the density of the AgNPs (g/cm?®); E, is the activation energy (J); r is the
particle radius (nm); [0,] and [H™*] are the molar concentrations (mol/L) of dissolved

oxygen and hydrogen ions; and [Ag] is the mass concentration of silver in the system
(g/L).

At a fixed time, temperature (25 + 2 ‘C), DO, [Ag], the original particle size of the
samples, mg and r can be considered as constants. If the results were to be compared

across with different pH, Eqn. (5.4) can be rearranged with the following expression:

Vagt = k[H*]? (5.5)
with
381k TN | (—Ea\ i s
=2 “lexp (—2) r=1[0,]" 5.6
g 4( mB) P exp(kBT)r [021""14] 69
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According to the Eqgn. (5.5), the rate of dissolution of AgNPs is proportional to the
[H*]?. This indicates that a minor increase in the H* concentration can result in a higher
rate of dissolution. This is evident from the results obtained, which shows that with the
decreasing pH, the dissolved silver concentration increased in a higher rate (Table 5.2),
compared to the higher pH. These observations are in consistence with the previous
results [56, 59, 106] and demonstrate that the rate of dissolution will increase with the
decreasing pH. The complete dissolution of the AgNPs will occur only when the pH is

further lowered or at a longer exposure period.

Based on the SPR peak obtained for the pure AgNPs (Figure 5.1(d)), it can be confirmed
that the initial surface of the AgNPs was free of an oxide layer. With the exposure to
different pH, the oxide layer of the AgNPs has been changed. According to the EDX
results, an increasing trend in the oxygen concentration with the decreasing pH has been
observed (Table 5.3). Itis possible that the low pH and high DO induced the formation
of an oxide layer during the incubation. Therefore, it is confirmed that dissolution of
AgNPs was pH dependent, which is related to the dissolution of this silver oxide
(Ag,0) layer (Eqgn. (5.2)). The dissolution of the oxide layer may expose metallic
silver, which also exhibits pH dependent dissolution (Egn. (5.3)) [59].

The decrease in SPR normally reflects the change in particle size or morphology [200].
This study reveals that the particle morphology remained spherical regardless of
aggregation (Figure 5.6), while only particle size changed. Further, the AgNP
concentration at the lower pH was reduced, reflecting a reduction in the stability of the
particles. Both particle size and dissolved silver increased under lower pH. The results
obtained on the impact of pH on the aggregation and dissolution of AgNPs, were

consistent with the previous work [57, 106, 124].

Aggregation of AgNPs takes place when the kinetic energy of the Brownian motion
overcomes the energy barrier between the NPs. The energy barrier would be reduced in
acidic solution as the NPs become essentially neutral [7] due to the addition of positive
charged protons to the negative charged AgNPs. Using in-situ TEM imaging, this study
demonstrates that the rate of aggregation increased with the introduction of the protons.

The process of aggregation took place with the introduction of protons to the AgNPs in
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the aquatic solution. The external protons introduced to the system deteriorated the
electron cloud around the particles and attracted the electrons towards them, and
eventually destabilized AgNPs [79]. However, in the alkaline conditions, the AgNPs
were more stable in solution, since the hydroxyl ions with the negative charge
strengthened the negative charges among the AgNPs, hence, the repulsion force
increased among the particles. When the hydroxyl ions were introduced to the system
of AgNPs in the aquatic solution, they were repelled by the negatively charged AgNPs.
This in turn strengthened the electron cloud around the particles and restabilized the
electron cloud which enhanced the stability of the particles in the solution. The
mechanisms took place in acidic and alkaline conditions are graphically summarized in
the Figure 5.16(a) & (b).
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Figure 5.16 (a) Mechanism involved in the change of the particle size with pH in acidic

region

(i) AgNPs in the aquatic solution (ii) Introduction of a proton to the system (iii)
Deterioration of the electron cloud around the particles and attraction of the electrons
towards the proton (iv) Formation of the aggregates by the destabilized AgNPs which

is enhanced by the increasing amount of protons
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Figure 5.17 (b) Mechanism involved in the change of the particle size with pH in

alkaline region

(i) AgNPs in the aquatic solution (ii) Introduction of a hydroxyl ion to the system (iii)
Enhancement of the electron cloud around the particles and restabilization of the

electron cloud which will enhance the stability of the particles in the solution

During this study, we conducted a series of experiments to get a better understanding
on how the properties of AgNPs change over time as a function of pH. This indicates a
deviation from the previous research with AgNPs that were conducted under different
conditions. Therefore, the outcome of this study provides an insight into the fate of the
AgNPs. It will also help to identify the conditions under which the studies conducted
with freshly synthesized AgNPs can be confidentially extended to explain such behavior

in the environment.
5.5 Conclusions

This study demonstrates the time resolved changes in the properties of uncoated AgNPs
as they were exposed to different pH conditions in the aquatic environment. The
particles were freshly synthesized and utilized in the study to allow the monitoring and
understanding on the aging process of the particles. It was observed that pH had a strong
influence on the properties of the AgNPs, as it governed the surface charge of AgNPs
hence aggregation (Figure 5.3) and oxidative dissolution (Figure 5.8). It was found that
AgNPs were dominantly affected by the pH under the phenomena of aggregation and
dissolution. At acidic and neutral pH, the particles were destabilized resulting in higher
rate of aggregation. In the alkaline conditions, the particles were re-stabilized due to the
presence of hydroxyl ions resulting in more stable suspensions. The short-term results

reveal that the impact of DO on the fate of the AgNPs is negligible compared to the
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effect of pH, and aggregation dominate the initial transformation. During the long-term
study, the aging process of particles happens at a lower rate compared to the short-term
study but provide distinct trends in the particle properties in terms of oxidative
dissolution and aggregation as a function of pH and DO. These results provide an insight
to understand the impact of solution pH on the aging of negatively charged AgNPs,
which is important to assess the transport and fate of engineered as well as natural NPs

and eventually their impact on the environment.
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6 Concentration dependent effect of humic acid

on the transformations of AgNPs

This chapter presents the findings investigating the concentration dependent effect of
humic acid on the transformations of AgNPs. Section 6.1 provides an overview to the
study. Specific experimental methods used in this study are mentioned in the section
6.2. Section 6.3 discusses the results obtained and the insights from the study that can

be applicable to the environment with a summary of finding at the end.
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6.1 Introduction

The interactions between AgNPs with different environmental constituents can have
variable impacts on stability, dissolution and toxicity of AgNPs [36, 103]. These
environmental constituents include ligands that bind Ag*, such as NHs, CI-, S* and
thiols, cations that can destabilize AgNPs such as Mg?* and Ca?*, as well as the
biological macromolecules and dissolved organic matter (DOM) such as humic acid
(HA), proteins and polysaccharides which can stabilize AgNPs [103, 201-205].

DOM is known as an agent in improving the stability and reducing the aggregation of
AgNPs [206, 207] by reducing the release of ionic Ag [208]. These studies focused on
the role of DOM in the transformations of particle properties [8, 209] or release of Ag*
[210]. Recent studies [135, 206, 211] have stated that DOM can reduce the ionic Ag in
the presence of sunlight in natural water bodies like rivers containing DOM [121, 135,
136]. However, the complexity [212] of DOM and their behavior in the environment
make the understanding the fate of AgNPs difficult.

The main objective of this study is to understand the concentration dependent role of
HA on the stability and dissolution of AgNPs in the simulated natural environment. In
the natural aquatic environment the HA concentration ranges from 0-20 mg/L [206] and
0 — 250 mg/L in the soil environment [213]. The experiments were carried out for a
period of 150 days with freshly synthesized uncoated AgNPs in a HA concentration
range of 0 — 250 mg/L.

Briefly, aggregation and dissolution of AgNPs in the presence of different HA
concentrations, was evaluated as a function of time. Then, an in-depth study was
designed and carried out to investigate the impact of light irradiation on the stability of
AgNPs in the presence of HA. Particle size distribution (PSD), zeta potential, localized
surface plasmonic resonance, dissolved silver concentration, transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX) were utilized to
assess the colloidal stability of AgNPs. This study provides an important overview on
the evaluation of the long-term stability of the AgNPs in the presence of different

concentrations of HA in the environment, using freshly synthesized uncoated AgNPs.
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6.2 Experimental Methods
6.2.1 Long-term stability of AgNPs

Different concentrations of HA (0, 1, 5, 10, 20, 50, 100, 150, 200 and 250 mg/L) which
is abundant in soils and aquatic environment[57] was prepared from the stock solution
as mentioned in 6.2.2. The stability of AgNPs (5 mg/L) incubated with various
concentrations of HA was analyzed using UV vis spectroscopy and dynamic light
scattering. The samples were kept in screw capped tubes and stored under the ambient
temperature (25 = 2 °C) in the indoor lab environment (with a light intensity ~ 500 lux)
and analyzed on 0, 1, 6, 14, 21, 35, 40, 48, 70, 100 and 150 days.

6.2.2 Preparation of stock solutions

Humic acid stock solution was prepared by dissolving 15.2 mg of humic acid (Sigma-
Aldrich) in 50 ml of DI water via vigorous mixing in the dark to obtain a concentration
of approximately 300 mg/L (actual 304 mg/L as HA and 161 mg/L as DOC). The
resulting solution was filtered through a 0.45 um membrane filter.

6.2.3 Impact of sunlight on the AgNPs in the presence of HA

The lighting conditions of the samples were simulated by exposing the samples to the
artificial sunlight from a solar simulator of 1.5 AM (Newport Inc., USA) with a Xenon
arc lamp of 300 W (light intensity ~ 10000 lux). During the study, eight hours of light
exposure per day was selected as it approximated the conditions in the natural
environment[214] and the temperature was maintained at 35 + 2 °C. The wavebands
were controlled into a specific range of 420-630 nm (visible light), which approximated
that of real sunlight using dichroic mirrors. The positioning of the samples was adjusted
accordingly to make sure that all the samples received equal exposure to light. AgNPs
(5 mg/L) were incubated with different concentrations of HA (0, 1, 5, 10, 20 mg/L) in
the 250 mL beakers to simulate the natural aquatic environmental concentrations[211]
for two weeks. After exposure to the simulated sunlight the beakers were covered with
transparent lids, hence the water loss due to the evaporation is considered negligible.
The dissolved oxygen concentration of the samples was around 4.8 = 0.2 mg/L. To
assess the impact of AgNP concentration and ionic Ag concentration, experiments were
also conducted at (1) AgNP concentration of 10 mg/L with 1 mg/L HA and (2) ionic Ag
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(5 mg/L) only at HA concentration of 1, 5, 10 and 20 mg/L. The experiments were
conducted again in the dark conditions by completely covering the solution containers
with aluminum foil to exclude the interaction with light. The chemical concentration
and operating conditions were similar to the experiments under sunlight. At pre-set time
intervals, sample aliquots were collected and analyzed for UV vis spectrum, dissolved

silver concentration and pH.
6.3 Results and Discussion
6.3.1 Characterization of synthesized AgNPs

TEM images show that the particles were well dispersed in the solution and generally
spherical in shape (Figure 6.1) with an average particle size of 22 + 0.674 nm. A
characteristic peak with an absorbance of 0.926 was obtained at the wavelength of 392
+ 2 nm in the UV-Vis absorption spectrum. The intensity weighted average size obtained
using DLS was 32.72 + 2.214 nm. The total silver concentration of the parent solution
was 5.829 + 0.015 mg/L with a dissolved silver concentration of 2.072 + 0.002 mg/L.
The pH and zeta potential of the parent solution was 8.02 and -28.4 £ 1.6 mV,
respectively.
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Figure 6.1 Characterization of the synthesized particles (a) Morphology by the TEM
and (b) Particle Size distribution of the AgNPs.

6.3.2 Colloidal stability of AgNPs in the presence of HA

Upon the mixing of HA with pure AgNPs, the peak absorbance wavelength shifted from
392 nm to 412 nm with a decrease in absorbance (Figure 6.2(a)). With the increase in
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the HA concentration, the absorbance at 412 nm increased from 0.329 to 1.337 (Figure
6.3). Inter-particle bridging among the AgNPs at increased HA concentrations (>20
mg/L) subsequently resulted in larger particles [215], which was correlated to an
increase in the hydrodynamic diameter of the AgNPs (Figure 6.2(b)). For example, the
average hydrodynamic diameter increased from 32.72 nm at 0 mg/L HA to 460 nm at
250 mg/L HA. The results observed in the UV vis spectrum is consistent with the change
recorded using DLS (Figure 6.2(a) & (b)). Compared to no HA addition case, the
particle diameter was almost doubled upon the addition of HA at 1 mg/L (Figure 6.2(b)).
At the HA concentration of 10 mg/L (Figure 6.2(b)), the particle diameter was increased
by more than 100 nm and further increased with the increase in the concentration. Delay
et al. [216] also reported similar particle size change during the absorption of organic
materials present in the lake water. The change in the diameter of AgNPs observed with
the increasing HA concentration exhibits the different effects caused due to the change
in the concentration (0 - 250 mg/L) of HA. Up to the concentration of 20 mg/L, there
was an increase in the particle diameter compared to the no HA condition, but the
increase was lower compared to the observation above 20 mg/L. Again, there was

another remarkable increase in size at HA concentration of 250 mg/L.

20 mg/L and 200 mg/L HA were selected as representative concentrations of the natural
aquatic environment and soil environment, respectively. PSD of AgNPs in 20 and 200
mg/L of HA solutions was compared in Figure 6.2(c). The PSD is relatively monomodal
for both HA concentrations. The distribution curve shifted to the right depicting an
increase in the size of the AgNPs when the HA concentration was changed from 20
mg/L to 200 mg/L, which is consistent with the observed average hydrodynamic
diameter. The ionic Ag concentration recorded with the concentration of HA (Figure
6.2(d)) at 1 h shows that the ionic Ag concentration increased with the HA concentration

with a relatively similar concentration when HA concentration was above 20 mg/L.
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Figure 6.2 (a) UV-vis absorption spectrum and (b) average hydrodynamic diameter of
the AgNPs after 1 h incubation with different concentrations of HA. (c) PSD of AgNPs
after 1 h incubation with HA concentrations of 0, 20 and 200 mg/L and (d) Change in
the ionic Ag concentration with the HA concentration after 1 h of incubation. AgNP
concentration: 5 mg/L.
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HA can alter the zeta potential and the conductivity of the solution given being a
polyelectrolyte solution with a mixture of carboxylic type and phenolic type groups. HA
shows a gradual increase in the negative zeta potential with the increasing concentration
due to the higher dissociation of protons at higher concentrations (Figure 6.4(a)). It has
been reported that the carboxylic type groups are responsible for this behavior at lower
pH and phenolic type groups are expected to contribute more at higher pH values [217].
The negative charge that develops due to this phenomenon, leads to the development of
a double layer which is further affected by the ions in the system, in this case the ionic
Ag from AgNPs. Therefore, the concentration of HA will affect zeta potential and
conductivity, which in turn affects the AgNP surface charge and conductivity when

present together.

@ °Tm (b)

i

b b
I—E_

//

=
!

Zeta Potential (mV)

Zeta Potential (mV)
. L .

o
50
-50
-0 4
-60
—I -70 ~—I
-70 T T T T T T T T T T
T T T T T T T T T T
] 1 5 10 2 50 100 150 200 250 0 1 5 10 20 S0 100 150 200 250
HA concentration (mg/L) HA concentration (mg/L)
(c) 040 (d) 025
035 /I
~ 030 g 920 I/I
z $—b
< s X
A 025 %
e £ 015
S
£ g :
= z
g 015 S 0.10
Z | T
S 010 P = S
~37 005 B §
0.05 4 \I I
W1 —
9 ! ® 10 " 200 00 10 29 2 0 1 5 10 20 5 100 150 200 250

HA concentration (mg/L)

HA concentration (mg/L)

Figure 6.4 (a) Change in the zeta potential and (c) conductivity of HA solutions with
the change of HA concentration (b) Change in the zeta potential and (d) conductivity of
AgNPs in the presence of different concentrations of HA after 1 h incubation, AgQNP

concentration: 5 mg/L.
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Figure 6.4(a) presents the change in the zeta potential of the HA solutions with the HA
concentration. The results show that with the increasing HA concentration, the negative
zeta potential of the solution increased. The conductivity profile of HA (Figure 6.4(c))
shows that the conductivity of HA solution increased up to 20 mg/L and then decreased
afterwards. Although the zeta potential continuously decreased with the HA
concentration, the conductivity at higher HA concentrations was closer to that of lower
concentrations. The mono valent ionic Ag has a low affinity for the reactive groups
present in the HA but can be present in the double layer as counter ions. At near neutral
pH values, approximately half of the groups in the HA are dissociated. Therefore, the
net negative charge and the associate cation binding will increase with the HA

concentration.

Figure 6.4(b) shows the zeta potential results of AgNPs in the presence of different
concentrations of HA. A decrease towards negative zeta potential was again observed
upon the increase in the HA concentration. This implies that the HA-AgNP interactions
can increase the AgNP stability at higher HA concentrations. Observation of mono
modal zeta potential distribution with an increased intensity further proves the fact that
the AgNPs became stable at higher HA concentrations (Figure 6.5). As AgNPs carry
negative charge at the surface, the zeta potential had more negative value at the same
HA concentration with and without the presence of AgNPs.
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Figure 6.5 Change in the zeta potential distribution with the HA concentration in AgNP-
HA mixtures after 1 h incubation, AgNP concentration: 5 mg/L.
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HA can be bound to AgNPs via two different mechanisms. One way is the specific
binding of protons to reactive sites on the particles and the other way is governed by the
properties of the double layer. However, the results we obtain is the cumulative effect
of the two parts. The double layer formed depends on the type of the metal ions present
in the system and is evaluated through the change in the zeta potential measured
experimentally [217]. Since the pure AgNPs are negatively charged, the addition of HA
will result in an increased negative zeta potential due to the adsorption of negatively
charged HA molecules. The resulting stabilization of AgNPs can be interpreted as an
electrostatic effect in which the charge reversal of surfaces prevents the aggregation and
increases the repulsive double layer interactions. If steric stabilization would play a
significant role, one would expect a different relationship between zeta potential and
stability[218] for the AgNPs in the presence of HA. Thus, these results clearly indicate
that the stabilizing effect of adsorbed HA is purely electrostatic by adding negative
charge to the AgNP surfaces and the concentration of HA plays a critical role in

governing the transformations of AgNPs.

According to the results obtained above, it can be concluded that with the increase in
the HA concentration, the AgNPs become relatively stable in the presence of HA in the
short-term incubation period up to 1 h. When considering the colloidal stability of
AgNPs, time factor also plays an important role. Therefore, to assess the impact of time,
AgNPs were incubated with different concentration of HA for a period of 150 days and

the results are mentioned in Figure 6.6.
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Since 20 mg/L is the HA concentration which separates the two environments it has
been selected as the representative concentration to discuss on the PSD. The peak of the
PSD shifted from the initial 36 nm to 201.3 nm upon mixing 20 mg/L of HA with the
pure AgNPs (Figure 6.6(a)). Then the peak remained relatively stable and steady over
the duration of the experiment up to 150 days, with a slight change in the polydispersity
index (Table 6.1) and the percentage peak intensity. The arrangement of the distribution
remained virtually unaffected during the incubation period. The observed stability of
the PSD suggests that the AgNP structures remained unchanged in the presence of HA.
It should be noted that there was a second minor peak appeared on the left of the main
peak, and this peak disappeared after long term incubation. The reason for the change

of this peak will be discussed later.

Table 6.1 Observed z-Average hydrodynamic diameter (z-du, nm) and polydispersity

Index Measurements for the experimental mixtures**

2h 24 h 70 days 150 days
Mode  z-du Pdl Mode  z-du Pdl mode z-dw  Pdl mode  z-Ou Pdl
S1 2013 1937 0.326 2834 2649 0338 3096 304 0383 2503 2252 0.293
S2 2084 2042 0.308 187.0 1791 0438 2512 2419 0377 2475 2406 0.356
S3 1198 1163 0.196 1191 1082 0.188 1012 98.84 0.216 1199 1116 0.189
S4 4129 4078 0433 3740 3714 0431 2576 2403 0.329 2227 216 0.333
S5 4221 4117 0523 6122 563.7 0555 3423 327.8 0401 3644 3591 0.376
S6 3023 2981 0405 4123 3825 0.618 1348 1330 0.903 396.2 360.8 0.668
S7 4623 4517 0223 7122 663.7 0455 5423 4278 0.301 4644 4591 0.276

**Hydrodynamic diameter and polydispersity index values usually derived from an
average of 10 replicate scans. The mode values shown have been obtained for the
dominant distribution in each case; modes have not been tabulated for secondary peaks
in polymodal dispersions.

***The samples mentioned above are ; S1 — HA (10 mg/L); S2 — HA (20 mg/L) ; S3 -
HA (50 mg/L); S4 — HA (100 mg/L); S5 — HA (150 mg/L); S6 — HA (200 mg/L); S7 —
HA (250 mg/L). AgNP concentration - 5 mg/L.

Dissolved silver concentration in each AgNP-HA mixture was monitored during the
incubation period of 150 days. Remarkable differences in the ionic Ag concentration
(Figure 6.6(b)) in each HA solution and the rate of dissolution (Table S2) was recorded.
During the first 24 h, we observed that the instant release of ionic Ag upon addition of
HA (Figure 6.6(b)), whereas the release of ionic Ag was minor with no HA. Less ionic
Ag was released with the increased HA concentration in the first 24 hours. After 24

hours, ionic Ag concentration decreased at a given HA concentration with time. On the
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other hand, the ionic Ag concentration increased with the time at no HA condition. Long
term tracking shows there was not much variation on ionic Ag concentration at higher
HA concentrations (e.g. 200 and 250 mg/L). In the lower concentration range of HA,
the dissolution of AgNPs decreased with the time in prolonged periods at the same HA

concentration.

Table 6.2 Summary of the dissolution kinetics* in the presence of HA

Concentration Rate of dissolution
mg/L Rate R?
10 5.1421 0.9633
20 4.6035 0.9420
50 4.1326 0.9126
100 4.5611 0.9499
150 4.6353 0.9566
200 3.4439 0.8999
250 2.7082 0.9598

*The units of the dissolution rate mentioned above is mg.L ™ .day™.

The rate of dissolution (y,,+) was obtained using the nonlinear least square function

using the following equations.

Yag+ = klAg] (6.1)

K= E(Sﬂ'kBT)l/Z -1 (__Ea) —1[0 ]0.5[H+]2 (6 2)
“i\my ) P P )T 2 '

[A49%]e = [Ag™* Neora) (1 — e7FF) (6.3)

where kg is the Boltzmann constant; T is the absolute temperature (K); mp is the
molecular weight of the reactant B (g/mol), which is either oxygen or protons in this
case; p is the density of the AgNPs (g/cm?®); E, is the activation energy (J); r is the
particle radius (nm); [0,] and [H*] are the molar concentrations (mol/L) of dissolved

oxygen and hydrogen ions; and [Ag] is the mass concentration of silver in the system
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(9/L); [Ag*]; and [Ag*],oeq: i the concentration of dissolved Ag at time t and the total

dissolved Ag concentration respectively. k is the pseudo first order rate constant.

Higher HA concentrations generally led to lower ionic Ag releasing rates (Table 6.2).
This observation reflected the potential of HA in reducing ionic Ag to AgNPs [135, 136,
216, 219]. According to the results, the behavior of HA varied with the concentration in
different environments. It was also noted that HA wrapped the AgNPs and coat the
AgNPs at higher HA concentrations (Figure 6.7). Such coating may reduce the contact
of AgNPs with surrounding aquatic environment thus reduce the oxidative dissolution
of AgNPs. Meantime, the coating also resulted in an increase in the size as revealed in
DLS results (Figure 6.2(d)). Our results obtained using TEM (Figure 6.8) present that
the presence of HA in the matrix stabilizes the AgNPs in the NP form preventing the
release of ionic Ag for a considerable time. According to our results we can observe that
the AgNPs become effectively stable after 70 days of incubation with HA.

Figure 6.7 Elemental maps of AgNP solution incubated at different HA concentrations
(@) 250 mg/L HA, (b) 10 mg/L HA; AgNP concentration: 5 mg/L.
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Figure 6.8 TEM images of AgNP incubated at different HA concentrations in the
ambient environment (a) 1 mg/L (b) 10 mg/L (c) 100 mg/L and (d) 250 mg/L; AgNP
concentration: 5 mg/L.

As reported previously, there were traces of smaller particles around 10 nm appeared
over time (Figure 6.2(c) & Figure 6.6(a)). Interestingly, these small particles were
considerably reduced in the presence of HA with long-term incubation and completely
disappeared on day 150 (Figure 6.6(a)). The observed smaller particles were probably
due to the initial dissolution (Figure 6.2(d)) of AgNPs. The dissolution of the AgNPs
was gradually reduced and stabilized during the incubation with HA, while the particle
size seems to be stabilized as well. The disappearance of small particles can be either
due to the complete dissolution or reformation of larger AgNPs. It is noted that higher
peak intensity was also observed on day 150 (Figure 6.6(a)). Thus, this observation can
be attributed to the stabilization effect imposed by HA in reducing the dissolution [134].
Further discussion can be found in the next section on the concentration range of 1-20
mg/L HA.

6.3.3 The impact of sunlight on the HA - AgNPs mixtures

Exposure to the sunlight is a prominent environmental concern that affects the
transformations of AgNPs, as it supplies energy (hv) that promotes conversion of ionic
Ag to elemental Ag with the presence of natural organic matter [200], and also reduce
the dissolution of AgNPs [193, 220]. The natural HA levels in the aquatic environment
is in the range of 1-20 mg/L [221]. Therefore, the transformations of AgNPs in the lower
range of HA concentration is reported here. The UV vis spectrum of the AgNPs with
different HA concentrations in the presence and absence of sunlight is presented in
Figure 4. In the absence of HA, the peak absorbance at the characteristic wavelength

97



(392 nm) gradually decreased with the time under the sunlight (Figure 6.10(a)),
indicating the dissolution and/or aggregation of AgNPs. As a result, the colour of the
AgNPs solution changed from dark yellow to almost no colour (Figure 6.9(b)). In the
presence of 1 mg/L HA (Figure 6.10(b)), the peak absorbance at the characteristic
wavelength exhibited a slight decrease in the beginning and no further decrease was
observed with the time compared to the situation without HA. When the HA
concentration is increased to 5, 10 and 20 mg/L (Figure 6.10(c), (d) & (e)), the reduction
in the absorbance further decreased. There was almost no evident decrease in the peak
absorbance at the characteristic wavelength at the HA concentration of 20 mg/L (Figure
6.10(e)) under the sunlight. Under dark conditions, there was almost no decrease in the
absorbance without HA addition. This observation can be attributed to the fact that the
AgNPs are deteriorated under the light irradiation and stays stable in the dark conditions.

In the presence of 1 mg/L HA (Figure 6.10(b) & (g)), the peak absorbance decreased in
both light and dark conditions and the peak absorbance wavelength shifted above 400
nm. A higher concentration of AgNPs (10 mg/L) was applied with 1 mg/L HA under
sunlight and the UV vis spectrum is shown in the Figure 6.10(h). The absorbance of
AgNPs at the characteristic wavelength showed no obvious decrease during the
incubation period of 14 days in the presence of 1 mg/L HA from the absorbance at the

initial conditions.

(b) | (©)

(a)

= —= ’\,
l

Figure 6.9 Photograph of the colour change of AgNP solutions after incubation for 14
days in the absence and presence of HA (a) original AgNP solution (b) AgNP solution
after 14 days without HA (c) AgNP solution after 14 days with 1 mg/L HA
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Figure 6.10 Change in the UV vis absorption spectrum of the AgNP solutions after
incubation with different concentrations of HA for 14 days under sunlight (a) 0 mg/L
HA, (b) 1 mg/L HA, (c) 5 mg/L HA, (d) 10 mg/L HA, and (e) 20 mg/L HA,; in dark (f)
0 mg/L HA, (g) 1 mg/L HA with a AgNP concentration of 5 mg/L. (h) UV vis absorption
spectrum for 10 mg/L AgNPs with 1 mg/L HA under sunlight.
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The solution pH of the samples was stable during the period of incubation and the results
are mentioned in the Figure 6.11. This ensures that there was no evident pH change took
place during the experiment. TEM images (Figure 6.12) show that AgNPs aggregated
after incubation for 14 days in the absence of HA, which can be correlated to the increase
in the absorbance at 450-500 nm (Figure 6.10(a)). At a low concentration of HA (ex: 1
mg/L), the aggregation was inhibited with the smaller particles remaining in the
solution. With the increase in the concentration of HA (ex: 20 mg/L), the aggregation
of AgNPs was effectively inhibited without a remarkable change in the particle shape

suggesting that HA can stabilize the AgNPs for a prolonged period.
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Figure 6.11 Change in the solution pH of the experimental solution during the

incubation period at different HA concentration. AgNP concentration: 5 mg/L.

In addition, in the presence of HA, many smaller particles appeared with a mean particle
diameter of 2.8 £ 1.1 nm and surrounded the original AgNPs (Figure 6.12). After 14
days of incubation, the particle size of these smaller particles increased, and it was
observed to be 7.8 £ 0.3 nm. The growth in the particle size during the incubation period
lead to the change in the PSD of the solution (Figure 6.12(b), (f) inset). High resolution
TEM and EDX measurements were utilized to confirm that the newly formed particles
were AgNPs and the results are shown in Figure 6.13. More results obtained using TEM
and EDX at HA concentrations of 5 mg/L and 10 mg/L are mentioned in Figure 6.14.
When ionic Ag was used instead of the AgNPs under the simulated sunlight, the ionic
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Ag could be reduced to form secondary particles. This phenomenon was detected using
UV vis absorption spectrum obtained with different HA concentrations incubated with
5 mg/L ionic Ag (Figure 6.15), TEM and EDX analysis (Figure 6.16).
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Figure 6.12 TEM images of the AgNP solutions after incubation with different
concentrations of HA for 1 day and 14 days under sunlight (a, ) 0 mg/L HA, (b, f) 1
mg/L HA, (c,g) 5 mg/L HA and (d,h) 20 mg/L HA. (b, f-inset) PSD on day 1 and 14 at
1 mg/L HA. AgNP concentration: 5 mg/L.
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Figure 6.13 TEM images and the corresponding EDX spectra of AgNPs (5 mg/L)
incubated with 1 mg/L HA for 14 days under the simulated sunlight. (a) TEM image of
the AgNPs in the solution. (b) TEM image of the primary AgNPs and the corresponding
(d) EDS spectrum. (c) TEM image of the secondary AgNPs and the corresponding (e)
EDS spectrum.
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Figure 6.14 Elemental maps of AgNP solution incubated at different HA concentration
(a-c) 5 mg/L HA, (d-f) 10 mg/L HA; AgNP concentration: 5 mg/L.
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Figure 6.15 Change in the UV vis absorption spectrum of the Ag+ (5 mg/L) solution
after incubation with different concentration of HA for 14 days under sunlight (a) 1
mg/L HA, (b) 5 mg/L HA, (c) 10 mg/L HA and (d) 20 mg/L HA.
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Figure 6.16 Elemental maps of Ag+ solution incubated with HA under sunlight (a)
TEM image, (b) corresponding elemental map; Ag+ concentration: 5 mg/L. HA

concentration: 1 mg/L.
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Figure 6.17 TEM images obtained of AgNP solution incubated in the dark (a) day 1 (b)
day 14 (c) particle size distribution on the day 14; AgNP concentration: 5 mg/L HA

concentration: 1 mg/L.

According to the UV vis spectrum obtained in the dark conditions (Figure 4(f) & (g)),
it is evident that the peak absorbance reduced initially, but it did not shift remarkably
compared to the light conditions (Figure 6.10(b-e)). This observation shows that the
secondary particle formation due to the reduction of ionic Ag occurred in the presence
of sunlight, did not take place in the dark conditions. The TEM images and the PSD on
day 14 obtained in the dark conditions revealed that small particles were not formed in
the solution (Figure 6.17). The release of ionic Ag at different HA concentrations in the
presence and absence of sunlight is presented in Figure 6. Without HA, the ionic Ag
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concentration increased in the first 6 days, and then remained almost stable during the
rest of the incubation period. In the presence of HA (1 mg/L), the trend of release of
ionic Ag is similar to that without HA up to 24 h, but gradually reduced afterwards.
When the concentration of HA was further increased, the amount of ionic Ag released
reduced greatly at a given time (Figure 6.18(a)). Compared to the conditions under
sunlight, the amount of ionic Ag released in the dark conditions is presented in Figure
6.18(b). The amount of ionic Ag released in the dark conditions in the absence of HA
was less than in the conditions under the sunlight. However, the ionic Ag released in the
presence of HA was higher in the dark conditions compared to the results obtained at
the conditions under sunlight. This observation further confirms that the reduction of

ionic Ag occurred only in the presence of sunlight but not in the dark conditions.
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Figure 6.18 Change in the dissolved ionic Ag concentration of the experimental
solutions after incubation with different concentrations of HA (a) under sunlight (b) in
dark, AgNP concentration: 5 mg/L. The standard deviation from three parallel

experiments is represented by the error bars.

6.3.4 Concentration dependent role of HA in the environment

This study presents the concentration dependent role of HA in the natural environment
within the concentration range of 0 - 250 mg/L. The role of HA can be mainly explained

in three parts as follows.

Firstly, in the absence of HA irrespective of the lighting level, the oxidative dissolution
took place with the interaction of atmospheric and dissolved oxygen in the environment.
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Simultaneously, the aggregation of AgNPs took place. Ultimately, these phenomena
resulted in almost no or very less amount of AgNPs present in the aquatic phase in the
NP form. This is evident with the results obtained using DLS (Figure 6.2(c)), TEM
(Figure 6.12) and particularly with the colour change of the AgNP solution observed
(Figure 6.9) and the disappearance of the characteristic peak in the UV vis spectrum
(Figure 6.10).

Secondly, at the HA concentration of 1-20 mg/L, which is in accordance with the
naturally occurring levels in the aquatic environment, HA stabilized the AgNPs. The
stabilization occurred due to the inhibition of the release of the ionic Ag (Figure 6.18)
and aggregation (Figure 6.10). Therefore, the AgNPs can persist stable for a longer
period in the aquatic environment. In the presence of sunlight, which cannot be ignored
when considering the natural aquatic environment, HA reduced the ionic Ag in the
solution to form fresh, secondary AgNPs (Figure 6.15). Initially the secondary AgNPs
formed near and around the primary AgNPs and then distributed to the bulk solution
with a slight growth in their size. The secondary AgNPs were smaller than the primary
AgNPs (Figure 6.12 & Figure 6.13), hence resulted in a redistribution of the PSD of the
solution under the sunlight. This observation is also evident with the increase in the

absorbance at the characteristic wavelength (Figure 6.10).

Thirdly, at higher concentrations of HA from 20 — 250 mg/L, which is observed in the
soil environment, AgNPs were wrapped by the HA molecules (Figure 6.7), which
resulted in an increase in the hydrodynamic diameter (Figure 6.2(b)). The coating of the
AgNPs suppressed the dissolution of the AgNPs to ionic Ag as revealed by the
concentration of dissolved Ag (Figure 6.6(b)). Therefore, the primary particles were
stable in the environment for a prolonged period with no change in the primary particle

size and morphology.

During the lifecycle of AgNPs, HA can be a critical factor in the aquatic environment
that determine the fate of the AgNPs. Understanding the impacts of the HA on AgNPs
can be crucial in predicting the transformations of AgNPs in these environments. The
findings obtained during the study are significant when considering the environmental

fate of the AgNPs. HA stabilizes the particles by reducing the possibility for the
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dissociation of AgNPs and Ag dilution in the environment. Exposure to light resulted in

the AgNP reduction and secondary particle formation.
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7 Interactive influence of the EPS and

electrolytes on the colloidal stability of AgNPs

This chapter discusses about the interactive influence of EPS and electrolytes on the
colloidal stability of AgNPs. Section 7.1 provides a brief introduction about the study
and the section 7.2 describes the experimental methods used during the study. The
results obtained and the findings from the study are vividly discussed in the section 7.3

with the conclusions mentioned in the section 7.4.
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7.1 Introduction

AgNPs are among the most widely used type of engineered NPs due to its unique
physical and chemical properties and especially the antibacterial activity. Wastewater
treatment plants are the most prominent distribution pathway among the multiple
pathways that AgNPs enter the aquatic matrices [54]. Many research focused on
understanding the factors including solution pH, ionic strength, valence of the
electrolyte and the particle size which govern the transport and fate of AgNPs in the
aquatic environment [199]. For example, increasing ionic strength can result in
enhanced aggregation as divalent cations are more effective in facilitating aggregation

than mono valent cations [45].

When the AgNPs are discharged into the wastewater treatment system, they interact
with the organic matter, for instance, humic substances (HS) like humic acids (HA) and
fluvic acids (FA), and non humic substances consisting of biological macromolecules
like proteins and polysaccharides. Organic matter absorbed onto NPs can change the
surface charge of the particles, thereby altering the colloidal stability [94]. Different
structures and components of organic matter can result in diverse impacts on the
aggregation of NPs. Some studies have reported that protein molecules are effective in
stabilizing the AgNPs [222] whereas polysaccharides hinder the stability of AgNPs
[202, 223]. On the other hand, aromatic rich HA are effective in stabilizing NPs
compared to aliphatic rich HA [224].

According to the previous studies, a considerable amount of NPs entering into the
biological wastewater treatment system are absorbed by activated sludge, which reduces
the concentration of NPs in the effluent [55, 225]. The predicted average concentration
of Ag in the sludge is in the range of 7-39 mg/kg [226]. AgNPs absorbed on to the sludge
will be embedded in the sludge and form new products such as silver sulphide (Ag2S)
[55, 227]. However, the removal mechanism of NPs by the activated sludge is not

comprehensively investigated.

Extracellular polymeric substances (EPS) is a heterogeneous mixture in the activated
sludge, which is continuously secreted by the microorganisms during their growth and

metabolic activities[228]. EPS is mainly a mixture of polysaccharides and proteins with
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different functional groups including amide, amino, carboxyl, hydroxyl and phosphoryl
groups [229-231]. EPS in the biological wastewater treatment system consists of
different EPS fractions, predominantly soluble EPS (SB- EPS), loosely bound EPS (LB-
EPS) and tightly bound EPS (TB-EPS) [232]. EPS plays important role in protecting the
bacterial cell against the environmental stress [233]. The composition of EPS secreted
by bacteria will be changed in order to respond the changes in the matrix they are present
hence their adhesion capabilities. When present in the wastewater treatment system,
EPS tends to interact with different types of electrolytes present in the wastewater [234,
235] which could play a pivotal role in the cohesiveness of the microbial aggregates as
evaluated in different studies [236], by bridging the negatively charged sites of EPS to
create stable, inter molecular and cell-EPS links. Meantime, it may also interact with
NPs in the wastewater. It is highly possible that the interaction will start from SB-EPS,
and then LB-EPS and finally TB-EPS given the layered structure of EPS in biomass.
When present in the solution, NPs tend to release ions (i.e AgNPs release ionic Ag)
which are harmful to the bacteria. The distribution and the composition of EPS vary in
such a way to provide maximum protection against the toxic substances [237]. To our
best knowledge, only a few studies attempted to understand the role of EPS on the
aggregation and the colloidal stability of NPs [238, 239] and they barely considered
AgNPs. The complex environment with the presence of both EPS and ions and their

interactive behavior is even rarely investigated.

The objective of this study is to explore the impact of the EPS on the colloidal stability
and the aggregation kinetics of AgNPs in the presence of NaNO3z or Ca(NOz). through
time resolved dynamic light scattering (TR-DLS). In addition, several other techniques
such as Fourier transform infrared (FTIR) spectroscopy, electrophoretic mobility (EPM)
and dissolved ionic Ag concentration were used to quantitatively and qualitatively
analyze the constituents and the functional groups of fractionalized EPS components,
i.e. SB- EPS, LB-EPS and TB-EPS. This study provides an overview with fundamental
understanding on the colloidal stability of AgNPs in the presence of both inorganic and

organic matters.
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7.2 Experimental methods
7.2.1 EPS extraction

Raw wasted activated sludge from a local wastewater treatment plant in Singapore was
obtained and stored at 4 °C prior to use. EPS extracted from the sludge samples was
analyzed according Zhou et al. [240]. Initially, 15 ml of the sludge sample was
centrifuged for 15 mins at 4 °C and 4,000 g and the supernatant was separated as SB-
EPS. The remaining sludge pellet was re-suspended in 0.05% sodium chloride (NaCl)
solution. Then the mixture was vortexed and incubated in a water bath at 70 °C for 1
min, followed by the centrifugation at 4 °C for 10 min at a speed of 4,000 g. Then the
supernatant was separated as LB-EPS. The residue of the suspension pellet was re-
suspended to its original volume by adding 0.05% NaCl solution, placed in a 60 °C
water bath for 30 min, and centrifuged at 4,000 g for 15 min at 4 °C. After that the
supernatant was washed and separated as TB-EPS. All the EPS fractions were filtered
using membrane filters with a pore size of 0.45 pm. Na* and CI" ions in the solution
were removed via ultra-centrifugation of the EPS solution using the 3 kDa membrane
centrifugal filters (Millipore Inc.) at 5,000 g for 30 min at 4 °C.

7.2.2 Characterization of EPS

The Total organic carbon (TOC), polysaccharide and protein content in the different
EPS fractions were measured according to the methods described by Li et al. [241]. A
TOC/TN analyzer (Shimadzu, Japan) was used to determine the organic carbon and
nitrogen content. Total polysaccharide content was measured using the phenol-sulphuric
acid method as described in Dubois et al.[242]. Modified Lowry method [243] was used
to determine the protein content in the samples. Major soluble organic fractions with
different chemical functions and sizes in EPS were measured using size-exclusion
chromatography, combined with organic carbon and nitrogen detection (LC-OCD-
OND) as described in Xiao et al. [244]. The biopolymers, high molecular weight
(HMW) protein, building blocks, low molecular weight (LMW) neutrals, LMW acids
and HMW polysaccharide were quantified using LC-OCD-OND [245]. LMW
polysaccharide and LMW protein concentrations were obtained by subtracting HMW
polysaccharide and HMW protein from the total polysaccharide and protein
concentrations determined through the spectrometer method respectively.
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7.2.3 Determination of aggregation kinetics

The variation in the intensity weighted average hydrodynamic diameter of the
experimental solutions with time was measured using a Zetasizer Nano (ZEN 3600,
Malvern, UK). Aggregation kinetics of AgNPs was recorded at different NaNO3z (0 —
500 mM) and Ca(NOs3). (0 — 40 mM) concentrations in the presence and absence of EPS
using time resolved DLS. The range of electrolyte concentration was selected to mimic
the levels of electrolytes in the wastewater [246]. Since the dissolved organic carbon
(DOC) concentration in the wastewater treatment system varies within the range of 10
—90 mg/L [247], all the working solutions of the different EPS fractions was maintained
at 50 mg/L of TOC during the AgNP aggregation experiments. The solution pH and the
temperature were maintained at 8.0 and 25 °C respectively.

To initiate the experiments, aliquots of pure AgNPs solution was added to the electrolyte
solution or mixture of EPS and electrolyte solution up to a final volume of 1.2 mL. Final
concentration of AgNPs in the experimental samples was kept at 5 mg/L. The solution
mixture in the cuvette was vortexed for 5s to ensure proper mixing prior to the
measurement. The hydrodynamic diameter of AgNPs in the mixture was recorded
during a period of 60 mins. A photodetector at a scattering angle of 173° was used to
detect the intensity of the scattered light during the measurements. Each measurement
auto correlation function was accumulated for 10 s with a stability period of 3 s. All the
experiments were performed for three replicates of the same condition sample and the

results present the average of the three values.

EPM of the samples in the absence and presence of EPS was measured using a Malvern
Zetasizer Nano. An incubation time of one hour was used during the measurement to
allow the sample to be stabilized to meet the measurement quality criteria. Dissolved
ionic Ag concentration of the experimental samples after one hour of incubation and the
FTIR spectrum was obtained using the method mentioned previously [248].

Certain volume of AgNP suspension and EPS solution was mixed with NaNOs and
Ca(NO:s). solutions to make the final concentration. The mixture was gently shaken at
25 °C for 2 h and centrifuged at 20,000 g for 30 min. The total organic C of SB-EPS,
LB-EPS and TB-EPS in the supernatant were determined using a TOC analyzer (multi
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N/C 3100, Analytik Jena, Germany). The amount of EPS-C adsorbed was calculated by

the difference between the amount of EPS added and that remaining in the supernatant.

The initial rate of increase in the hydrodynamic diameter (Dj,) with time measured using
TR-DLS, is expressed as aggregation kinetics. The aggregation rate constant (k) varies
proportionally with the initial rate of increase in the hydrodynamic diameter. k is
inversely proportional to the initial concentration of AgNPs in the solution which is
denoted by (N,) [93, 249]. It can be determined by the Eqn. (7.1).

k x

1 /dDy(0)
( h t)tqo (7.1)

No\ dt

The initial increase in the hydrodynamic diameter of AgNPs with time was calculated
until the time that the hydrodynamic diameter becomes 1.5 times of the initial value.
The method proposed by Huangfu et al. [250] was used in determining these time points.
Dy, (t)/dt was calculated using linear least square regression analysis. The relationship
used in this study has been tested and widely used in studying the aggregation Kinetics
of different types of NPs [93, 231, 251, 252].

The attachment efficiency (AE) («), in the range of 0 to 1 was calculated by the ratio
between the k quantified under different solution conditions and the k¢, quantified
under fast or favourable aggregation conditions [93]. The AE is used as a tool in
quantifying the aggregation kinetics of NPs according to the DLVO theory [83]. The

described relationship is showed in the Eqn. (7.2) mentioned below.

1 (w)
t—0

k N, dt
Q= = 0 (7.2)
Krast 1 (dDh(t))
(NO)faSt dt t_)olfast

Since the initial AgNP concentration in the solutions was maintained constant during
the measurements under different solution conditions, Egn. (7.2) can be simplified by

neglecting the N,, and calculating the AE as shown in Eqgn. (7.3).
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<dD£t(t)>Ho

a= (7.3)

>t—>0,f¢7Lst

When calculating the AE in the presence of different EPS fractions, (dDy(t)/
dt)¢-o,rasc Was obtained from the average values of (dDy (t)/dt) sqs:in the diffusion
limited regime where the ionic strength is higher than the CCC in the presence of

different electrolytes.

7.2.4 Statistical Analysis

Pearson's correlation was utilized to assess the linear correlation between the AE,
adsorbed carbon and the dissolved organic matter using the software, SPSS version 19.0
[253]. The degree of correlation among the considered factors was evaluated using the
Pearson's correlation coefficient (R), which is in the range of -1 to +1 with +1 denoting
a perfect positive correlation, -1 denoting a perfect negative correlation and 0 denoting
no correlation. A two-tailed t-test for the null hypothesis was carried out to determine
the p value where the regression slope is zero. A statistically significant correlation is

obtained with a probability (p value) less than 0.05.

7.3 Results and Discussion
7.3.1 AgNP and EPS characterization
7.3.1.1 AgNP characterization

According to the TEM results, the particles were spherical and well dispersed in the
parent solution (Figure 7.1 (a)) with an average diameter of 23 £ 0.574 nm. A peak
absorbance of 0.926 at the characteristic wavelength of 392 £ 2 nm in the UV-Vis
absorption spectrum was observed for the synthesized AgNPs in the parent solution.
The intensity weighted average hydrodynamic diameter obtained using DLS was 31.72
+2.114 nm (Figure 7.1 (b)). The total Ag concentration of the parent solution was 5.829
+ 0.015 mg/L with a dissolved ionic Ag concentration of 2.072 £ 0.002 mg/L. The pH
and the zeta potential of the parent solution was 8.02 and -28.4 + 1.6 mV respectively.
The iso-electric point of AgNPs was approximately 4.03 (Figure 7.1 (c)).
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Figure 7.1 (a) Morphology of AgNPs in parent solution observed by TEM; b) Particle
Size distribution of the AgNPs in parent solution (c) EPM of AgNPs as a function of pH

7.3.1.2 Characteristics of EPS

The variation in the constituents of different types of EPS, namely, SB-EPS, LB-EPS
and TB-EPS are illustrated in Figure 7.2. The three types of EPS consisted primarily of
organic carbon and nitrogen. Polysaccharides and protein in the three types of EPS
followed the sequence of SB-EPS < LB-EPS < TB-EPS. However, the variation in the
protein content among the three different fractions of EPS is higher than that of
polysaccharides. The constituents in the DOC was further assessed and the results are
mentioned in the Table 7.1. Amount of dissolved polysaccharides, protein and amino
sugars in the EPS fractions are indicated by the concentration of bio polymers. The
biopolymers and dissolved protein content in the three types of EPS varied in the
sequence of TB-EPS < LB-EPS < SB-EPS which is in contrast with the variation in

polysaccharides and protein in the EPS fractions.
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Figure 7.2 Variation in the concentration of Total Organic Carbon (TOC), Total
Nitrogen (TN), polysaccharide and protein in SB-EPS, LB-EPS and TB-EPS.

Table 7.1 Fractions of dissolved organic matter (mg/L—C) in the different types of EPS.

EPS Bio PN HMW LMW HMW LMW Building LMW LMW

Polymers PN PN PS PS blocks  Neutrals acids
SB 23.88 2572 1123 1449 1712 1266 446 ng.  25.89 4.07 0.83
LB 9.68 40.03 397 36.06 2097 571 1527 ng. 19.97 26.01 4.19
B 5.29 4514 3278 4186 2131 201 1930 ng 2111 33.93 5.94

*PN- Protein, PS —

Polysaccharide, HA — Humic acid.

7.3.2 Aggregation kinetics of AgNPs in different electrolyte solutions

The AE of AgNPs as a function of the electrolyte concertation (NaNO3s or Ca(NOs),)

are presented in Figure 7.3. Hydrodynamic diameter profiles of AgNPs in the presence

of the electrolyte are presented in Figure 7.4. At relatively low concentration of the
electrolyte (<10 mM for NaNOz and <0.8 mM for Ca(NOg)2), the increase in the

electrolyte concentration elevated the degree of charge screening [231] and led to an
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increase in the rate of aggregation, as revealed by the increase in the AE. This is known
as reaction limited aggregation where a <1. At higher electrolyte concentrations, i.e. 10
- 500 mM for NaNOsz and 10 - 40 mM for Ca(NOs)2, the charge of AgNPs was
completely screened. Hence, the energy barrier between the AgNPs was eliminated,

enabling the NPs to aggregate in the diffusion limited regime (o >1).

This observed behavior of aggregation of AgNPs in the electrolyte solutions is
consistent with the DLVO theory. The aggregation Kkinetics reaches the maximum in
the diffusion limited regime and is independent of the electrolyte concentration. The
CCC of an electrolyte is the concentration at which the reaction limited and diffusion
limited regimes intersect [249]. The CCC for the AgNPs was determined to be 12 mM
in NaNOs, which was much higher than that in Ca(NOz3). (0.8 mM). According to the
Schulze-Hardy rule, for a negatively charged surface, the CCC ratio of the cations of
valences 2 and 1 should be in the range of z7° to z72, where Z is the higher valence
among the cations [254, 255]. The ratio of CCC values we obtained (0.8/12) is
proportional to 7732968 'where Z is the valence of the calcium counter ion, which is in

accordance with the Schulze-Hardy rule.
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Figure 7.3 Change in the attachment efficiencies of AgNPs as a function of NaNOz and

Ca(NOs)2 concentrations.
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Figure 7.4 Aggregation profiles of AgNPs in (a) NaNOzand (b) Ca(NO3)2 solution

7.3.3 Effects of SB-EPS, LB-EPS and TB-EPS on the colloidal stability of AgNPs

in monovalent cations

To explore the effects of different EPS fractions on the rate of aggregation of AgNPs,
the AE in the presence of SB-EPS, LB-EPS and TB-EPS as a function of NaNOs
concentration was examined (Figure 7.5(a)). Overall, the addition of EPS resulted in
much lower AE compared to the EPS-free solution, indicating that EPS hindered the
aggregation of AgNPs. The results obtained during this study are consistent with the
previous research exploring the effect of biological macromolecules such as NOM,
alginate and BSA on the stability of different types of NPs [93, 94, 231, 256].
Interestingly, only minor difference in the EPM of AgNPs was observed in the presence
and absence of EPS in the NaNOs solution as shown in Figure 7.5(c). These results
indicate that despite a significantly affected AE, EPS did not have a considerable effect
on the EPM. Hence, the change in the rate of aggregation of AgNPs in this condition
can be caused due to some other reasons, which can be mainly due to the steric repulsion
induced from the adsorption of EPS molecules onto the AgNPs, which effectively
stabilized the system. The percentage mass fractions of SB-EPS, LB-EPS and TB-EPS
adsorbed on to the AgNPs as a function of NaNOs concentration is presented in Figure
7.6(a). The results obtained for the adsorption demonstrate the presence of steric
hindrance induced by the adsorbed EPS during the aggregation of AgNPs in the NaNO3

solution.
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Figure 7.5 Change in the attachment efficiencies of AgNPs as a function of (a)NaNOs3
and (b) Ca(NOz3). concentration, change in the Electrophoretic mobility (EPM) of
AgNPs as a function of (¢) NaNOs and (d) Ca(NOs). concentration after 1 hour of
incubation and change in the dissolved ionic Ag concentration of the AgNPs as a
function of (e) NaNOsz and (f) Ca(NOz). concentration after 1 hour of incubation in the
presence of SB-EPS, LB-EPS and TB-EPS.
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Figure 7.6 The mass fraction of EPS-C adsorbed by AgNPs as a function of (a) NaNOs
and (b) Ca(NOs)2 concentration.

The dissolved ionic Ag concentration of the experimental samples gradually increased
with the electrolyte concentration in the absence of EPS (Figure 7.5(e)). The trend
observed in the ionic Ag concentration in the presence of SB-EPS is similar to the EPS
free condition. However, the amount of ionic Ag released in the presence of SB-EPS is
higher than in the absence of EPS, especially when NaNOs concentration is high. In the
presence of LB-EPS and TB-EPS, the ionic Ag concentration increased up to 120 ppb,
which doubled the ionic Ag concentration compared to the other two cases, and then
decreased to the lower values with the further increase in the electrolyte concentration.
The decrease observed in the ionic Ag concentration can be attributed to the coating
effect induced by the higher amount of DOC (Figure 7.2 & Table 7.1), present in the
LB-EPS and TB-EPS solutions which inhibited the dissolution of AgNPs to ionic Ag.

In the presence of SB-EPS, LB-EPS and TB-EPS, the CCC increased from 12 mM (no
EPS) to 250 mM, 982.4 mM and 376.7 mM for NaNOg, respectively (Figure 7.5(a)).
This suggests that LB-EPS stabilized AgNPs more effectively than SB-EPS and TB-
EPS. This again can be reflected in the aggregation profiles of AgNPs in the presence
and absence of SB-EPS, LB-EPS and TB-EPS (Figure 7.7), which shows the change in
the hydrodynamic diameter of the solution with time. According to Figure 7.7, the
hydrodynamic diameter of the AgNPs remained almost constant in the presence of LB-
EPS, in a constant electrolyte concentration, where as it changed differently in the
presence of SB-EPS and TB-EPS. In these conditions, the adsorbed EPS (Figure 7.6) on
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the hydrophobic AgNP surfaces induce long range steric repulsive forces, hence

promoting the stability of AgNPs.
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Figure 7.7 Aggregation profiles of AgNPs in various NaNOs solutions in the absence
and presence of (a) SB-EPS, (b) LB-EPS and (c) TB-EPS

7.3.4 Effects of SB-EPS, LB-EPS and TB-EPS on the colloidal stability of AgQNPs

in divalent cations

Figure 7.5(b) presents the variation in the AE of the AgNPs in the presence and absence
of EPS factions as a function of the Ca(NOz)2 concentration. At relatively low Ca(NOs)
concentration, the AgNPs were stable in the presence of different EPS fractions. This
stabilization can be caused due to the steric effect induced by the adsorbed EPS on the
AgNPs as shown in Figure 7.6(b). Nevertheless, the AE of the AgNPs increased with
the increasing Ca(NOz3). concentration in the presence of EPS. When the Ca(NO3).
concentration is increased above 10 mM, the AE, was greater than 1, in the presence of
SB-EPS, which further increased with the Ca(NO3)2 concentration. The AE was almost
constant up to 0.4 mM and beyond 5 mM Ca(NO:s):2 in the presence of LB-EPS and TB-
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EPS. The CCC values of AgNPs in Ca(NOz)2 changed from 0.8 mM (no EPS) to 11
mM, 1452.3 mM, and 44.1 mM in the presence of SB-EPS, LB-EPS and TB-EPS
respectively. Even though the CCC values increased compared to the no EPS condition,
the value obtained in the LB-EPS again shows a drastic difference. Furthermore, the
CCC value obtained in the presence of LB-EPS in Ca(NOz)2 was higher than that in
NaNOz. This shows that irrespective of the electrolyte LB-EPS stabilized the AgNPs
suspension effectively than the other EPS fractions. Representative aggregation profiles
of AgNPs in the presence and absence of different EPS fractions in Ca(NOz)2 solutions
are presented in Figure 7.8, which also shows a similar observation as in the presence
of NaNOs. Even though the change in the hydrodynamic diameter of AgNPs in the
presence of LB-EPS and TB-EPS is similar and lower compared to the SB-EPS and EPS
free condition, the variation in the hydrodynamic diameter of LB-EPS is less compared
to that of TB-EPS.
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Figure 7.8 Aggregation profiles of AgNPs in various Ca(NOz)2 solutions in the absence
and presence of (a) SB-EPS, (b) LB-EPS and (c) TB-EPS

121



The enhanced aggregation of AgNPs in the presence of SB-EPS compared to the other
types of EPS in Ca(NOs)2 solutions could be due to the composition of SB-EPS with
the formation of intermolecular bridging between Ca®* and the COO in the
macromolecules [231]. This phenomenon was verified through the results obtained for
the z-average diameters of AgNPs in different EPS fractions in the presence of varying
Ca(NOs), concentrations. As shown in Figure 7.9(b), the z-average diameters of AgNPs

in the presence of EPS increased with the Ca(NOs3). concentration after 12 mM.
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Figure 7.9 Z-average diameter of AgNPs with and without SB-EPS, LB-EPS and TB-
EPS as a function of (a) NaNOsz and (b) Ca(NOs3). concentration.

The EPM values became less negative as the concentration of Ca(NOs), increased
(Figure 7.5(d)), which was probably due to the charge screening reduced from the
compression of the double layer or the neutralization of charge with the adsorption of
Ca?" [257] on the AgNP surface. Upon mixing with EPS, a similar increase in EPM with
Ca?* concentration was observed, but with a smaller amount than in the absence of EPS.
This indicates the complexation of Ca?* and EPS, forming EPS functional groups such
as ionic carboxylates and phosphoryl which are negatively charged [258] and increasing
the negative EPM of AgNPs. Decreasing EPM values suggests that electrostatic forces
may be prominent among the interactions between negatively charged AgNPs and EPS,
which is similar to the observations by Mosley et al. [259]. Hence, the impact of EPS
on the aggregation of AgNPs can be due to the combined impact of inter particle
bridging and electrostatic forces, while the stability induced by EPS on the AgNPs can

be caused due to the cumulative effect of electrostatic and steric repulsion.
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The dissolved ionic Ag concentration in Ca(NOz)2 solution in the absence and presence
of EPS (Figure 7.5(f)), increased with the electrolyte concentration and started to
decrease at some point. This point of trend reversal was different in various EPS types.
When comparing this result with the other results obtained using different techniques,
the release of ionic Ag was inhibited at higher electrolyte concentrations in the presence
of EPS. This also may be a consequence of the enhanced aggregation of AgNPs

followed with the coating by the biological macromolecules present in the matrix.

The FTIR spectra of the three types of EPS in the absence and presence of AgNPs was
analyzed to qualitatively assess the impact of biochemical components of the EPS
(Figure 7.10). From Figure 7.10(a), it can be observed that the peak at 3353 cm™ (the
red line) is assigned to -OH and -NH2 [260-262]. The peaks at 2920 and 2854 cm™ can
be attributed to asymmetric stretching vibrations and symmetric stretching of -CHa,
respectively [263, 264] [186]. The peak at 1643 cm™ is assigned to the stretching
vibration of -COOH [260, 265]. The broad peak at 1355 cm™ is the overlapped peak of
symmetric deformation of -CH3z and -CH> in protein and symmetric stretching of —
COOH [266]. The peak at 1064 cm™ is derived from the symmetric stretching of the
phosphodiester backbone of nucleic acids [266]. Upon mixing of SB-EPS with AgNPs
(the blue line), some of the above-mentioned peaks disappear, and the intensities of the
peaks at 2920, 1643 and 1064 cm™ increased, which could be caused by the increased
symmetric vibrations of CH», vibrations of the C-N bond in the proteins and the
stretching vibrations of O-H. This observation suggests that the stability of AgNPs
induced by the SB-EPS can be linked mainly to the presence of hydroxyl groups in the

solution.

In the FTIR spectrum obtained for LB-EPS (the red line in Figure 7.10(b)), peaks are
observed at 3709 cm™(-OH and -NH2)[260-262], 2932 cm™ (asymmetric stretching
vibrations of -CH2)[263, 264], 1639 cm™ (stretching vibration of -COOH)[260, 265],
1260 cmt (stretching vibration of C-0)[267], and 1022 cm™ (stretching vibration of
C=C and asymmetric stretching vibration of -C-O-C-) [268, 269]( Figure 7.10(b)). Due
to the interaction with AgNPs (blue line), the peak at 3709 cm™ disappears and the
intensities at 2932 and 1639 cm™ increased. The peak at 1022 cm™ in LB-EPS blue-
shifts to 979 cm™ and the peak at 1260 cm™ red-shifts to 1419 cm™, suggesting that the
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functional groups in the LB-EPS attach on to the surface of AgNPs forming attractive
coulombic interactions [202] between the AgNPs and LB-EPS.
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Figure 7.10 FTIR spectra of (a) SB-EPS, (b) LB-EPS and (c) TB-EPS in the absence
and presence of AgNPs

In Figure 7.10(c) (red line), the peaks at 2917 and 2829 cm™ belong to the asymmetric
stretching vibration and symmetric stretching of -CH, [263, 264]* [186]. The peak at
1742 cm™ was attributed to the C=0 stretch of ester groups in lipids and fatty acids
[266]. The peak at1555 cm™ was attributed to the stretching vibration of C-N and
deformation vibration of N—H of amide Il in protein [265, 269]. The peaks at 1467, 1261,
and 969 cm™ are assigned to asymmetric deformation of CHz and CH of proteins [266,
270] , stretching vibration of C-O arising from polysaccharides and nucleic acids [267].
Most of these peaks disappeared due to the interaction with AgNPs. 1006 cm™(red
shifted peak of 969 cm™) with increased intensity can be observed in the mixture of
AgNPs and TB-EPS, which could be caused by the bonding of C-O of the carboxylic
groups and the C-O-C in the polysaccharides in the TB-EPS onto the AgNPs.

When comparing the interactions of the three types of the EPS with the AgNPs, the

functional groups in the TB-EPS were more tolerant to the presence of AgNPs owing to

the protective role of the outer layers [271]. The differences between the FTIR spectra
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suggest that the different functional groups present in the EPS fractions interacted
differently with AgNPs.

Table 7.2 Pearson's correlation coefficients (R) between the attachment efficiency (AE),
the adsorbed carbon (AC) and the available DOMs in all types of EPS.

Bio
polymer
AE - -0.445** - -0.433** -0.436** - -0.415**
AC 0.573** 0.789** 0.547** 0.689** 0.869** 0.589** 0.607**

PN HMWPN LMW PN PS HMWPS LMW PS

Electrolyte Building LMW )
LMW acids TN TOC
Conc. blocks neutrals
AE 0.505** -0.359** -0.397** -0.395** -0.216* -0.435**
AC - 0.828** 0.541** 0.524** 0.658** 0.709**

**Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level.
“-” denotes correlation is insignificant (p > 0.05).

To investigate the correlation between DOMs abundance and AE as well as the adsorbed

carbon, the Pearson's Correlation Coefficients were calculated (Table 7.2

Table 7.2). The amount of adsorbed carbon (AC) was strongly positive (p < 0.01)
correlated to the concentrations of biopolymers, HMW PN, PN, LMW PN, PS, HMW
PS, LMW PS, Building blocks, LMW neutrals, LMW acids, TN and TOC. This reveals
that the adsorption of carbon to the AgNPs strongly depends on the amount of DOMs
present in the EPS. Among them, PS showed the highest correlation (R=0.869, p < 0.01)
followed by building blocks. On the other hand, the AE had a strong negative correlation
with the PN, LMW PN, PS, LMW PS, Building blocks, LMW neutrals, LMW acids and
TOC. This reveals the fact the AE is reduced due to the presence of these dissolved
organic matter, while decreasing the potential for the aggregation of AgNPs. AE shows
a weak or moderate negative correlation with TN concentration (R=-0.216, p < 0.05).
In addition, AE shows a strong positive correlation with the electrolyte concentration,
which depicts that the AgNP aggregation is facilitated by the electrolytes present in the

matrix. There was nearly no correlation between the AE and the biopolymers, HMW
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PN and HMW PS, which is reasonable that they are less reactive to interact with the

AgNPs due to their inherently neutral behavior [272].

Improved stabilization of AgNPs in the presence of LB-EPS irrespective of the
electrolyte was observed (Figure 7.5(a) & (b)). This can be due to several factors, such
as the increase in the concentration of protein compared to SB-EPS and the change in
the hydrophobic-hydrophilic interactions which is governed by the different fractions of
organic matter. The predominant factor was due to the lowest amount of building blocks
present in the LB-EPS compared to the other three types of EPS. Building blocks in the
EPS denotes the hydrophilic DOC with a molecular weight of 300-500 g/mol [245, 273].
Therefore, the less amount of hydrophilic parts (Table 7.1) present in the LB-EPS, help
in improving the stability of AgNPs and reducing the aggregation [274]. This is
confirmed by the correlation between the building blocks and AE and AC, which is

significantly negative and positive respectively.

When present together with the biomass in the wastewater treatment system, AgNPs
tend to interact with the SB-EPS first as they would be available in abundance due to
their solubility. According to the results in this study, interactions with the SB-EPS
would result in the release of ionic Ag. The amount of ionic Ag released in the presence
of SB-EPS is higher than the amount released in the absence of EPS (Figure 7.5(e) &
(F)). The released ionic Ag and the remaining AgNPs would then interact with the LB-
EPS. Even though the amount of ionic Ag released in the presence of LB-EPS is lower
than that of SB-EPS (Figure 7.5(e) & (f)), the cumulative amount of ionic Ag released
in the presence of both SB-EPS and LB-EPS can adversely affect the biomass. Due to
the dissolved organic compounds present and the stabilizing capability in LB-EPS, the
adverse impacts of the ionic Ag affecting the bacteria will be reduced as shown in higher
CCC, lower AE (Figure 7.5(a) & (b)), FTIR spectrum (Figure 7.10 (b)) and the
correlation results (Table 7.2). Hence, with the prior interaction of LB-EPS, the TB-
EPS, which is attached to the cell wall, would have minimal interaction with the ionic
Ag released and AgNPs. Furthermore, higher proportion of hydrophobic groups, i.e.,
protein related N-H, were present in the TB-EPS (Figure 7.2 & Figure 7.10(c)), which
explains its role in increasing the surface hydrophobicity of the sludge [275] with a
higher concentration of protein like substances protecting the bacteria.
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On the other hand, in the presence of Na* and low concentration of Ca?*, EPS stabilizes
the AgNPs with extracellular protein playing a dominant role in the stabilization
process. Therefore, EPS may enhance the toxicity of AgNPs towards the bacteria and
decrease the removal efficiency of AgNPs under this condition. However, at higher
Ca?" concentrations, dissolved exopolysaccharide molecules formulate polysaccharide
aggregates via intermolecular bridging and calcium complexation. Eventually, these
aggregates bridge the AgNP aggregates together resulting in an increase in the overall
size of the aggregates reducing the toxicity towards the bacteria and increasing the
removal efficiency of the AgNPs. The concentration of electrolytes in the wastewater
usually falls within the higher range of the studied concentration range[246]. When
present together with EPS and electrolytes in the wastewater treatment systems, AgNPs
tend to aggregate due to the impact of electrolytes reducing the dissolution. The AgNP
aggregates formed will then be coated by the EPS present further stabilizing the AgNPs
and reducing their capability of releasing ionic Ag. The decrease in the release of ionic
Ag reduces the toxicity of AgNPs towards the bacteria. The trapped AgNPs may finally
end up in the downstream sludge system and eventually anaerobic digestion. Hence the
presence of EPS in activated sludge will help in removing the AgNPs from the
wastewater and reduce their negative impact towards the environment. However, the
concentration of EPS and the characteristics of the wastewater will determine the final

fate of AgNPs present in the wastewater.

7.4 Conclusions

The presence of EPS and various types of cations in the wastewater treatment system
would have different impact on the transformations of AgNPs. This study reports the
impact of EPS on the colloidal stability of AgNPs in the presence of the electrolytes,
NaNOz and Ca(NOs)2. The results demonstrate that EPS effectively stabilize the AgNPs
in the presence of NaNOz and low concentration of Ca(NOs).. However, it enhanced the
rate of aggregation at higher Ca(NOz)2 concentration, as a result of the aggregation of
the dissolved EPS with AgNPs through inter molecular bridging, connecting the AgNPs
and forming aggregates. Among the three types of EPS, LB-EPS showed promising
effects in improving the stabilization of AgNPs, mainly due to the less hydrophilic

constituents present therein. Hence, the results of this study are useful in understanding
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the impact of EPS on the aggregation and colloidal stability of negatively charged NPs,
which is important in assessing the transformations of NPs, eventually determining their

transport and final fate in the wastewater treatment system.
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8 Impact of Polysaccharides and Protein on the

colloidal stability of silver nanoparticles

This chapter presents the details of the study conducted to investigate the impact of
polysaccharides and protein on the colloidal stability of AgNPs. A brief introduction
about the study is mentioned in the section 8.1, followed by the experimental methods
used in the section 8.2. The results obtained and the findings from the study are vividly
discussed in the section 8.3. Finally, the conclusions derived from the study are
mentioned in the section 8.4.
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8.1 Introduction

The interactions of AgNPs with different compounds in the environment can have
varying effects on the rate of dissolution, toxicity and stability of AgNPs[36, 103]. A
wide range of environmental parameters present in the aquatic system can influence the
transformation of the AgNPs including the ligands that bind Ag* such as NHs, CI-, S*
and thiols, cations (monovalent or divalent) that can destabilize the AgNPs such as Mg?*
and Ca®* as well as the biological macromolecules such as humic acid, proteins and
polysaccharides which can stabilize the AgNPs [103, 201-205].

Protein comprises roughly 50% of the organic compounds found in the
wastewater[276]. Model protein also have been able to show various interactions with
AgNPs in experimental conditions and affect both their rate of dissolution and colloidal
stability in the presence of destabilizing divalent cations[203, 277]. These interactions
eventually determine the fate and the transformation of the AgNPs when present with
these compounds.

Polysaccharides are also a major compound in the wastewater, which can interact with
AgNPs and hinder their stability in different ways [202, 223]. The interactions of
polysaccharides with the AgNPs can affect the toxicity of AgNPs towards the biomass
in the biological wastewater treatment system. Even though there have been several
studies on the impact of protein and polysaccharides on the toxicity of AgNPs towards
bacteria [222, 278-280], their impact towards the colloidal stability of AgNPs has been
barely investigated, and this information is essential to understand the cause of toxicity.

This study was designed to understand the impact of the biological macromolecules,
especially protein and polysaccharides on the temporal changes in the colloidal stability
and dissolution of AgNPs. The experiments were carried out for a period of 150 days
with freshly synthesized uncoated AgNPs, sodium alginate (SA) and bovine serum
albumin (BSA). Alginate and BSA were used as a model polysaccharide and protein
respectively. BSA is a model protein that is used in studies examining the fouling of
reverse osmosis (RO) membranes during wastewater reclamation and the production of

energy from wastewater proteins in microbial fuel cells [256]. Alginate is a model
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polysaccharide used in studies evaluating RO membrane fouling and is a naturally

secreted lipopolysaccharide that plays a prominent role in biofilm formation [281].

The changes in the hydrodynamic diameter, zeta potential and the localized surface
plasmonic resonance was measured to assess the colloidal stability of uncoated AgNPs
in the presence of the above-mentioned organic compounds. The release of ionic Ag in
the previously mentioned conditions were also monitored to understand the potential
impacts of the organic compounds on the dissolution of AgNPs. Understanding the
influence of biological macromolecules on the colloidal stability of AgNPs and the
resulting potential toxicity towards the biomass will be important in predicting the

transformations of AgNPs in the natural and engineering system.
8.2 Experimental methods
8.2.1 Stability experiments

To assess the influence of the individual organic compounds, different concentration of
SA (3, 6, 15, 30, 45, 60 and 75 mg/L) and BSA (6, 12, 30, 60, 90, 120 and 150 mg/L)
were prepared respectively, from the stock solutions as described in Sl. The
concentration range of the organic matter used during the experiments was selected to
match the levels in wastewater[276]. AgNP stock solutions with a concentration of 5
mg/L was added into the SA or BSA solutions with different concentrations as
mentioned above. The sample mixtures were sealed and stored under the ambient

environmental conditions during the experimental period.

The interactions of protein and polysaccharides with the AgNPs induce changes in the
absorption spectra of AgNPs [282]. The changes in the UV vis absorption spectra can
be used to assess the bonding of protein and polysaccharides with the AgNPs[283, 284].
The shift and broadening of the absorption spectra in the AgNP solutions with protein
and polysaccharides depend on the size and the state of aggregation of AgNPs. Hence,
to evaluate the stability of AgNPs, UV vis absorption spectrum of the experimental
solutions was recorded on 0, 1 hr, 1, 6, 14, 21, 35, 40, 48, 70, 100 and 150 days. In order
to measure the size of the AgNPs in the experimental solutions, Dynamic Light
Scattering (DLS) was used. DLS gives the hydrodynamic diameter of the AgNPs in the
experimental solutions [282]. In order to track the changes in the particle size due to the
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interactions with other compounds, DLS measurement was performed on 0, 1, 24 hr, 6,
14,21, 35, 70, 100 and 150 days.

8.3 Results and Discussion
8.3.1 Characterization of the synthesized AgNPs

The average size of the synthesized AgNPs was 26 + 1.248 nm. TEM results show that
the diameters of more than 84% of the AgNPs ranged between 10-50 nm. The particles
were reasonably monodispersed in the suspension and had a spherical shape (Figure
8.1(a)). The size value obtained using DLS was the peak size based on the intensity
distribution (36.76 £ 5.172 nm) (Figure 8.1(b)). The synthesized AgNPs showed a
characteristic peak at the wavelength of 392 + 2 nm in the UV-Vis absorption spectrum
with a peak-absorbance of 0.926. The total Ag concentration of the synthesized AgNPs
was 5.829 + 0.031 mg/L with a dissolved ionic Ag concentration of 2.268 + 0.002 mg/L.
The pH and zeta potential of the AgNP stock solution was reported to be 8.03 and -28.3

+ 1.7 mV respectively.
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Figure 8.1 Characterization of the synthesized particles (a) Morphology by the TEM
(b) Size distribution of the suspension by DLS

8.3.2 Modulation of the AgNP stability by SA and BSA

Increasing SA concentration reduced the peak absorbance at the characteristic
wavelength and red shifted the localized SPR peak (Figure 8.2(a)). The peak absorbance
wavelength initially shifted from 392 nm to 399 nm upon addition of SA. It was further
shifted to 405 nm with the increase in the SA concentration. The absorbance slightly
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increased from 0.325 to 0.37 (Figure 8.3 (a)) with the increase in the SA concentration.
This observation suggests that the addition of SA alter the characteristics at the AgQNP
dielectric surface [285]. The change in the absorbance of the characteristic peak can be
attributed to the decrease in the AgNP concentration upon addition of SA. The red shift
in the characteristic wavelength can be attributed to the surface modification induced by
SA on AgNPs. The increase in the absorbance at the red shifted wavelength with the
increased SA concentration verifies the SA induced surface modification of AgNPs.

Upon the addition of BSA, the peak absorbance wavelength of AgNPs shifted from 392
nm to 401 nm, and further to 407 nm when BSA concentration increased. Affinity with
the AgNP surface, interacting and binding on to the AgNPs as a protein [222] can be the
reason for the observation of the slight red shift of the SPR peak in the presence of BSA.
The absorbance at the characteristic wavelength also gradually decreased with the BSA
concentration. Thus, it can be attributed to the surface modification of the AgNPs with
the increasing BSA concentration. However, the peak absorbance observed at 407 nm
at the BSA concentration of 150 mg/L is higher than that at 60 mg/L. This observation
shows that the particles were stabilized under higher BSA concentrations. This can be
attributed to the BSA induced masking of the SPR absorbance of AgNPs in a
concentration dependent manner. Furthermore, there was no peak observed at the
wavelength around 500 nm, which is the characteristic wavelength for AgNP
aggregates. This observation depicts that the reducing absorbance was not caused due

to aggregation, but due to the BSA induced surface modification.

(a) 1.0+ Pure AgNPs (b) 1.0+ Pure AgNPs
AgNP + 3 ppm SA AgNP + 6 ppm BSA
AgNP + 6 ppm SA AgNP + 12 ppm BSA
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Figure 8.2 Change in the UV Vis absorption spectra of AgNP solutions with variable
concentrations of (a) SA and (b) BSA after 1h of incubation. AgNP concentration: 5
mg/L.
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DLS measurements revealed an increase in the average hydrodynamic diameter with the
increasing SA concentration (Figure 8.4(a)). This observation can be attributed to the
increasing ionic strength upon the addition of SA. The interactions between SA and
AgNPs changed the electrical double layer as the SA molecules compete with the
counter ions in the suspension [7, 215]. The increase in the hydrodynamic diameter
observed with the increasing SA concentration suggests potential agglomeration of

AgNPs at higher SA concentrations.
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Figure 8.3 Peak shift in the localized surface plasmon resonance (SPR) spectra of
AgNPs with variable concentrations of (a) SA and (b) BSA

Similar results were obtained in the presence of BSA. Up to the BSA concentration of
12 mg/L, the increase in the hydrodynamic diameter was not prominent. However, a
significant increase can be observed when the BSA concentration was higher than 90
mg/L. It is clear that an obvious increase in the hydrodynamic diameter was observed
in the presence of SA compared to BSA (Figure 8.4). This observation indicates that the

particles were stabilized in the presence of protein compared to the polysaccharides.
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Figure 8.4 Change in the average hydrodynamic diameter of AgNPs with variable
concentrations of (a) SA and (b) BSA after 1h of incubation. AgNP concentration: 5
mg/L.

As described previously, at the low concentrations of SA (0-15 mg/L) the particle size
does not change significantly. In order to represent the different concentration ranges of
0-15 mg/L and 15-75 mg/L, 6 mg/L and 60 mg/L were selected respectively as the short-
term behaviour of the other concentrations in the respective region were similar to the
representative concentrations. Since the variation in the PSD with time changes in a
similar pattern over different concentrations, 6 mg/L was selected as the representative
concentration of alginate to discuss the results. With the increase in the concentration,
there was a shift in the intensity peak in the PSD, suggesting the presence of larger
particles (Figure 8.5(a)). Furthermore, the shift in the intensity peak in the PSD with
time suggests that the presence of alginate results in larger particles in the beginning,
which eventually breaks on to smaller particles and become stable over time (Figure
8.5(c)). At a constant concentration of SA, the average hydrodynamic diameter of the
AgNPs increased with time. This observation can be due to the absorption of SA
chemically onto the AgNP surface and remain as a coating for the AgNPs. These results
are confirmed with the red shift occurred in the UV vis spectrum in the AgNP solutions
in the presence of SA with time (Figure 8.6(a)). The red shift observed in the UV vis
absorption spectrum is indicative of a surface modification of the AgNPs. Our
observations can be further explained with the TEM images obtained (Figure 8.7) and
the zeta potential results (Figure 8.8). According to the TEM images obtained there was
no possible aggregation of AgNPs observed in the presence of alginate. Instead
individual particles of different sizes can be observed (Figure 8.7 (a) & (c)).

Furthermore, when we consider the TEM images obtained at different time intervals,
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the number of particles in one frame reduced, suggesting that the particles were further
stabilized with time (Figure 8.7(b) & (d)). The zeta potential of the AgNPs (-28.3 £ 1.7
mV) became further negative (-32.4 £ 1.3 mV) upon the addition of 6 mg/L SA. With
the increase in the SA concentration to 60 mg/L, the negative zeta potential of the
AgNPs further increased (-51.6 + 2.1 mV), depicting the colloidal stability of AgNPs
induced by SA (Figure 8.12). These observations further support the proposed
mechanism of surface modification of AgNPs induced by alginate.

In order to represent the different concentration ranges of 0-30 mg/L and 30-150 mg/L,
12 mg/L and 120 mg/L were selected respectively as the short-term behaviour of the
other concentrations in the respective region were similar to the representative
concentrations. Since the variation in the PSD with time changes in a similar pattern
over different concentrations, 12 mg/L was selected as the representative concentration
of BSA to discuss the results. According to the Figure 8.5(b), the peak size of the AQNP
solutions, did not change much upon the addition of 12 mg/L of BSA. But when the
concentration of BSA increased up to 120 mg/L, a peak above 100 nm appeared showing
an increase in the hydrodynamic diameter. When considering the change in the PSD
with time in the presence of BSA, the particle size increased with small peaks appearing
above 100 nm (Figure 8.5 (d)). Even though there was an increase in the hydrodynamic
diameter, no evidence of aggregation was observed in the TEM images obtained at
different time points with varying concentration of BSA (Figure 8.9). Stable, individual
AgNPs can be visualized in the TEM images obtained under different solution
conditions. This observation verifies the colloidal stability of AgNPs induced by BSA
as a protein. In the presence of BSA, the zeta potential distribution remains almost mono
modal irrespective of the BSA concentration even though the peak intensity changed
with the concentration. Furthermore, the negative zeta potential of the AgNPs (-28.3 +
1.7 mV) slightly increased to -29.6 £ 1.7 mV upon mixing with 12 mg/L BSA. Added
to that the zeta potential distribution become mono modal upon the addition of 12 mg/L
BSA depicting the stability of AgNPs induced by BSA (Figure 8.8). When the BSA
concentration further increased to 120 mg/L, the peak intensity of the zeta potential
distribution increased depicting the increased colloidal stability of AgNPs (Figure 8.8).
Our observations using different analytical techniques suggest that the surface coating
induced by the BSA molecules on the AgNPs increased the colloidal stability of AgNPs

in the presence of BSA. (Figure 8.8).
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Figure 8.5 Change in the particle size distribution for (a) SA & (b) BSA with
concentration after 1 h of incubation and change in the particle size distribution for (c)
SA (6 mg/L) & (d) BSA (12 mg/L) with time. AgNP concentration: 5 mg/L.
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8.3.3 Modulation of the rate of ionic silver release by SA and BSA

Variations in the rate of AgNP dissolution were observed during the incubation with SA
or BSA (Figure 8.10). The amount of ionic Ag released, increased with the SA
concentration at a constant time. The concentration of the ionic Ag released at a constant
SA concentration increased with the time except at higher SA concentrations (45-75
mg/L) (Figure 8.10(a)). At 45-75 mg/L SA, the amount of ionic Ag released fluctuated
differently. The ionic Ag concentration recorded at 150 days was lower than that
recorded at 70 days. This observation suggests that higher SA concentrations (45-75
mg/L) could, in fact inhibit Ag release, verifying the role of SA as an antioxidant. SA

scavenges the reactive oxygen species present or otherwise formed in the test

139



matrix[256], thus providing a less conducive condition for the oxidative dissolution of

AgNPs to occur from pure AgNP surfaces.

The amount of ionic Ag released upon the addition of BSA (6 mg/L BSA) is indicative
of a favorable environment for pure AgNPs to dissociate into ionic Ag (Figure 8.10(b)).
Bonding of BSA with the cations in the water, interacting with the pure AgNPs might
facilitate the higher dissolution of AgNPs in the presence of BSA. The concentration of
the ionic Ag released fluctuated with the BSA concentration, with an overall increase
observed at the highest concentration (150 mg/L) after 1 hour of incubation. The
concentration of ionic Ag increased up to 30 mg/L and decreased thereafter at a
prolonged period (Figure 8.10(b)). Since there has not been any measurable amount of
Ag detected in the highest concentrations of the organic compounds used in this study,
this can be justified that the source of released ionic Ag under the evaluated conditions
are solely due to the addition of pure AgNPs and not SA or BSA itself.
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Figure 8.10 Change in the ionic Ag concentration with time at different concentrations
of (a) SA and (b) BSA. AgNP concentration: 5 mg/L.

There is a clear increase in the peak intensity upon the addition of either SA or BSA in
the zeta potential distribution (Figure 8.8). This implies the increase in the colloidal
stability of AgNPs due to interactions in the presence of SA or BSA. As mentioned
previously, zeta potential results further explain the stability induced by SA and BSA
following a mechanism of surface modification of AgNPs resulting in more stable

suspensions. In order to understand the coating mechanism of AgNPs in the presence of
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SA and BSA, FTIR spectrum of the SA and BSA solutions were analyzed in the

presence and absence of AgNPs and the results are mentioned in the Figure 8.11.
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Figure 8.11 Change in the FTIR spectrum of (a) SA and (b) BSA in the presence and
absence of AgNPs. AgNP concentration: 5 mg/L.

Absorption peak observed in the FTIR spectrum of SA at 3109 cm™ (the red line) is
assigned to the stretching vibrations of -OH groups[286]. The peaks observed at 2929
cm* and 2851 cm™ are attributed to the asymmetric stretching vibrations[263, 264] and
symmetric stretching of -CH2[186]. The peak at 1585 cm™ is assigned to the asymmetric
stretching vibrations of -COOH [287]. The peak observed at 1404 cm™ is due to the -
COO- symmetric stretching. Characteristic peak of natural polysaccharides is observed
at the wavelength 1108 cm™[287] and 1035 cm™ is assigned to the -C-O-C- stretching
mode arising from the glucosidic units [288] (Figure 8.11(a)). Upon mixing of SA with
AgNPs (the blue line), some of the above-mentioned peaks disappeared and peaks with
increased intensity can be observed at the wavelengths of 1585, 1404 and 1035 cm™.
Furthermore the peak at 3109 cm red shifted to 3342 cm* confirming that the hydroxyl
groups can be responsible for the stabilization of AgNPs induced by alginate [288].

In the FTIR spectrum obtained for BSA (the red line), peak observed at 3076 cm™ is

assigned to the characteristic stretching vibrations of -NH> and -OH groups [289].
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Absorption peaks at 2925 cm™ and 2848 cm are attributed to the symmetric stretching
vibrations and symmetric stretching of -CH,. The peak at 1644 cm™ is due to stretching
of amide I, a-helix [186, 290] and 1555 cm™ is due to the stretching of amide 11 [291].
The peak observed at 1416 cm™ is assigned to the wagging and twisting vibrations of -
CH2[289] and 1289 cm™ is assigned to the amide III band, a-helix [186] (Figure
8.11(b)). Due to the interactions with AgNPs (the blue line), peak at 3076 cm™ slightly
blue shifted to 3052 cm™. The peaks at 2925 and 2848 cm™ in BSA merged into one
peak at 2874 cm™ in the presence of AgNPs. The peak at 1644 cm™ shifted to 1518 cm
Lin the BSA and AgNP mixture suggesting that BSA adsorbs to the AgNPs through the
exposed a-helices [290, 291]. Furthermore, a red shift in the peak 921cm™ to 998 cm
was also noted in the BSA and AgNP mixture.

8.3.4 SA and BSA induced stability of AgNPs

The impact of SA and BSA used during the experiments, reflects their ability to adsorb
onto AgNPs [216], and to bind with and modify the AgNP surface in order to increase
the colloidal stability of AgQNPs. The presence of alginate resulted in a decrease in the
concentration of the ionic Ag compared to BSA (Figure 8.10). This observation can be
a result of the decreased dissolution of AgNPs in the presence of SA. The reason for this
phenomenon can be proposed as the chemical adsorption of ionic Ag onto the AgNP
surface. Unlike BSA, alginate did not dominate the rate of dissolution of AgNPs. Thus,
alginate can reduce the inhibition effect of AgNPs through a mechanism of coating the
AgNP surface. Surface modification of the AgNPs induced by SA directly prevent the
interactions with the other compounds, as clearly depicted by the red shift in the peak
absorbance wavelength (Figure 8.3(a)). However, once the ionic Ag is released from
the AgNPs, alginate is unable to mitigate its toxicity [256]. SA tends to form a coating
on the AgNP surface hence resulting in lower AgNP inhibition. But SA was unable to
completely inhibit the dissolution of AgNPs due to its low affinity towards ionic Ag.
The proposed mechanism of SA in stabilizing AgNPs is illustrated in Figure 8.12. Due
to the coordination at an oxygen site of the SA molecule, cations interact with the
negative charges available on the AgNP surface. The interactions between SA and

AgNPs are influenced by the planar benzene ring in the SA molecule[207].
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Figure 8.12 Proposed reaction mechanism of alginate molecules with AgNPs

Protein proved to be a dominant constituent determining the transformations of AgNPs
[103]. BSA acted as an agent in stabilizing the AgNPs through a dual mechanism of
chelation with the thiol groups and then binding on to the AgNP surface. The binding
of BSA to the AgNP surface was stronger compared to the binding induced by the
alginate. This resulted in higher stability in the presence of proteins compared to the

polysaccharides.

According to the previous studies, the proteins present in the aquatic matrices can bind
in to the noble metal NPs[203]. The lattice model of proteins binding to the NPs [292,
293] can be successfully applied to model the binding of BSA onto the AgNPs. This
model predicts that low BSA concentration will bind BSA onto the NP surface in a side-
on mode, forming many low energy bonds. This was observed among the interactions
of BSA with AgNPs as shown in the FTIR spectrum (Figure 8.11(b)). These interactions
will result in reduced release of ionic Ag in low BSA concentrations due to the
adsorption of BSA to the AgNP surface (Figure 8.10(b)). The increased release of ionic
Ag with the increasing BSA concentration can be due to the sequestration of ionic Ag
chemically absorbed on the AgNP surface to the thiol groups present in BSA. These
groups such as cysteine possess a higher binding affinity for metal cations [126, 203,
256]. BSA reduces the AgNP inhibition by a dual mechanism. This occurs, firstly,

chelating the released ionic Ag by the Ag ligand group present within the BSA molecule
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and then, coating the AgNPs to prevent direct interactions with the other compounds in
the matrix as shown by the red shift in the peak absorbance wavelength (Figure 8.3(b)).
The mechanism of BSA induced stability of AgNPs is illustrated in

Figure 8.13.

Figure 8.13 Proposed reaction mechanism of BSA with AgNPs

Interestingly, while increasing the colloidal stability, BSA itself catalyzed the
dissolution of the AgNPs. Higher dissolution of the AgNPs was observed in the presence
of the BSA and can be attributed to the extraction of chemically adsorbed ionic Ag on
the AgNP surface by the thiols present within BSA. Therefore, it can be expected that
the toxicity of AgNPs in the environments with a higher protein content is limited. But
the same environment can pave way to the dissolution of the AgNPs via protein-induced
dissolution. The toxicity of AgNPs would be reduced due to the decrease in the
dissolution of polysaccharide coated AgNPs, in the environments with an increased
polysaccharide content as in biofilms. However, the toxicity induced by the ionic Ag
that have been released from the AgNPs before encountering with the polysaccharides
would not be decreased as most of the polysaccharides are poor in ionic Ag binding

ligands.

8.4 Conclusion

Our results present that SA stabilized the AgNPs through a singular mechanism by
coating the AgNP surface. The coating induced by SA on the AgNPs, reduced the

dissolution of AgNPs to ionic Ag. However, this phenomenon is not permanent, as once
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the ionic Ag is released, SA is not able to reduce ionic Ag concentration. On the other
hand, BSA uses a dual mechanism in protecting the biomass from AgNPs : (1) chelation
of the ionic Ag by the Ag-ligand groups within BSA and (2) coating the AgNPs.

The findings are significant when considering the transformations of AgNPs in the
biological wastewater treatment system. SA and BSA followed a mechanism of
stabilizing the AgNPs in the matrix via chemically coating the AgNPs. The
transformations observed under these types of organic matter can be affected by the
other environmental factors as well. Future studies are envisioned to examine how the
coatings induced by the proteins or polysaccharides on the AgNPs may affect their
adsorption onto bacterial biomass, which is another important process determining the

fate and transport of AgNPs in the wastewater.
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9 pH induced interactions of AgNPs in the
aquatic matrices observed wusing In situ
LCTEM

This chapter presents a brief introduction about the study in the section 9.1, followed by
the detailed methods used in the LCTEM experiments in the section 9.2. The results
obtained and the findings from the study are vividly discussed in the section 9.3 with a

short summary in the end.

146



9.1 Introduction

Interactions between NPs in solutions play an important role in understanding their
transformations and subsequent fate in the engineered systems. They are responsible for
the colloidal stability[203], aggregation[7], dissolution[294] and the reactions with
biological macromolecules[103]. The interactions between the NPs in solution are
regulated by the attractive and repulsive hydration forces between two interactive
surfaces in water[295]. It is known that these short-range forces may prevent the
surfaces from approaching closer than several water molecules[170]. However, the
exact origin of these forces is still not fully understood, an example would be the
classical continuum models that account only for a repulsive diffuse double layer and
the attractive van der Waals (vdW) forces in the matrix[296]. While at short distances
between two macroscopic hydrophilic surfaces, these forces may dominate over other
intermolecular forces[297, 298]. However, it is unclear how repulsive hydration forces
affect the interaction dynamics of NPs. As a result, the impact of the intermolecular

forces in the solution layers on the NP interactions remain experimentally unresolved.

The size and structure of silver NPs (AgNPs) has a significant impact on various
interactions, such as absorption, oxidation reactions, and dissolution. Hence,
determining the transport and transformations of AgNPs in the aquatic environment is
critical. Therefore, the modern research yearns for novel techniques to determine the
evolution of the size and morphology of NPs in order to integrate the state of aggregation

of NPs with their impact on the environment.

Recently, observing the interactions of NPs directly in solution matrices has been made
possible using in situ liquid cell transmission electron microscopy (LCTEM), which can
be a potential technique to be applied geochemical and environmental studies. LCTEM
helps directly to quantify and structure the NPs dispersed in the solutions, as well as to
simplify real-time interaction tracking between individual particles. This capability of
LCTEM allows to automate dynamic processes depending on the total number of NPs.
It also allows to explore how liquid flows through the cell and how the properties of the
solution affect the interactions of NPs with high precision electron microscopy revealing
that the presence of the electrostatic forces between the NPs play a crucial role in the
attachment[198], growth[299] and the assembly[300] of NPs. In these studies, tracking
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the movement of interacting NPs within few nanometers, showed that dipolar
interactions facilitate the pairwise approach and the subsequent alignment of NPs. The
LCTEM provides an opportunity to investigate the impact of an external stimuli directly
on the interactions and the dynamics of NPs in a solution. Current studies have shown
that the artefacts such as contamination, charging, unwanted crystallization and

dissolution should be considered in the interpretation of the results.

The objectives of this study include (1) evaluating the mechanism of aggregation of
AgNPs in water and acid with respect to the change in the interactive forces, (2)
assessing the impact of short range and long-range intermolecular forces on the
interactions of NPs and (3) appraising the suitability of LCTEM as a technique for in
situ studies in environment related subjects. Here, using dynamic, in situ LCTEM
imaging [301-304], we visualized the time resolved pH induced interactions of AgNPs
in water, showing that their approach towards each other is hindered by the primary
hydration shell of each individual AgNP. When contrasting the interactions of AgNPs,
in the absence and presence of acid, we found that the presence of protons in the solution
alter the surface charge of the AgNPs thereby resulting in a change in the electrostatic
potential of the AgNPs. Our analysis reveals that these AgNPs jump to contact only
when the charge cloud around the particles are altered.

9.2 Experimental Methods

The AgNPs used during the experiments were synthesized via oxidation-reduction of
AgNO3 using NaBHs. Detailed procedure on the synthesis[305] and the reproducibility
of this method is mentioned in Chapter 3. Synthesized AgNPs were characterized
according to the methods mentioned in Fernando et al[248] and the typical size of the
NPs used here were about 20-30 nm. Our experimental setup consisted of a thin layer
of liquid specimen[306] (~50 nm) with AgNPs sandwiched between the two electron
transparent Silicon Nitride (SisN4) membranes (~50nm thick on each side) of a liquid
cell with the help of the Au spacer, which essentially protects the liquid samples from
the high vacuum of the TEM. The diffusion of NPs due to translation and rotation within
these thin liquid films near liquid-solid interfaces is strongly suppressed[307, 308],
which allows for the real time imaging and quantification of the interaction force fields

of an otherwise rapid phenomenon. We carried out the flow experiment using the
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Protochip Poseidon Liquid Cell Holder with two kinds of solutions; freshly synthesized,
uncoated 10 mg/L AgNP solution (final pH ~8) and 10% (w/v %) Nitric (V) acid
solution. Before loading the AgNPs onto the grids, they were adequately rinsed using
acetone and methanol at least for 5 min respectively. This was mainly to eliminate the
possible impurities and protective coatings, which was followed by immediate air-dry.
Then, the e-chips were plasma cleaned (3:1Argon/Oxygen mixture) for about 5 min
using the Fishione Plasma Cleaner Nanoclean Model 1070 for surface treatment to
change the SisNs membranes from hydrophobic to hydrophilic and to remove possible
organic contaminants on the surfaces [309]. The cleaner is set to 100% power using
75% Argon with 25% Oxygen. First, the AgNPs in the fluid cell e-chips was observed
through the JEOL 2010 TEM with a high-resolution pole piece operated at 200 kV with
electron doses ranging from 6 to 58.5 e/(A%.s) and at a rate of 4-10 frames per second.
Then the AgNPs was pumped through the liquid cell holder to the fluid cell using a
syringe pump (Harvard Apparatus, Pump 11 Elite) at an infuse rate of 300 ul/h. After
allowing ample time for the AgNPs to reach the fluid cell, the movement of AgNPs in
the matrix was observed. Subsequently, Nitric (V) acid was pumped into the fluid cell
using a syringe pump at an infuse rate of 150 pl/h. The impact of the beam on the
movement of NPs in liquid cells due to heating or momentum transfer from energetic
electrons is negligible under these imaging conditions, however charging during the
imaging may enhance the movement of the NPs. The images obtained during different

scenario were processed as mentioned below.

9.2.1 Image Processing - Nano particle Detection and Tracking

The proposed NP detection and tracking method is implemented using C++, using
OpenCV [310] library. At each image frame particles were detected, and these detected

particles were assigned unique identity to track them across the frames.

At detection stage, all processing was carried out in grey image space. Initial steps of
the detection process were carried out following the method proposed in [170]. First the
image was inverted, and Gaussian filtering was applied to reduce the noise effect from
the camera. 8 is used as the standard deviation for the Gaussian kernel for both x and y
directions. Then the Sobel operator was applied on the smoothed image to obtain the

gradient image. The gradient image was converted to a binary image by assigning 1 to
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the values of the gradient image (magnitude of the gradient) that are higher than a
threshold, otherwise assigning 0. This threshold was calculated using the Otsu’s
threshold selection method [311]. Then morphological closing and opening operations
were applied on the binary image to reduce the false positives. Kernal of 9x9 was used
to perform morphological operations. At this stage, NPs were assigned 1 and the
background was assigned 0. Then connected component analysis on this image provide
an estimate on the boundary of each NP along with area covered by it. This process is
visually presented in Figure 9.1. Then as a false positive removal process all the
connected components smaller than a threshold were removed. This threshold was
empirically set at 500 pixels, but this value should be set depending on the magnification
of the images. At this stage, for each detected NP set of parameters are defined. These
parameters are:

(a) center and radius: Since these NPs are circular in 2D shape, center and radius of
the smallest circle that contain this NP are considered as the center and the radius
of the particle.

(b) Perimeter and area: Arc length of the contour surrounding the NP is taken as the

perimeter while number of pixels inside the contour is considered the area.

After the detection, set of particles were identified with above mentioned parameters.
During tracking stage particle localization and size based matching criteria was used.
Firstly, the particles in two adjacent frames (frame at time t and frame at time t+1) that
are nearest to each other (i.e. in terms of the smallest distance between the centers of the
particles) were grouped together. Then if the area difference between these two particles
was less than 50% of the area of the particle of the initial frame (frame at time t,) the
same track identity was assigned. This was repeated for all the frames. Comparing the
area helps in assigning a new track identity when two particles attached as their area

was most likely to double.
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(a) (b) (©) (d) (e) () (@) (h)

Figure 9.1 Nano particle detection process. (a) Original image, (b) Inverted image, (c)
Gaussian smoothed image, (d) Sobel magnitude image, (e)Otsu threshold of (d), (f)
Morphological closed image, (g) Morphological opened image and (h) Detected nano

particles on top of original image.
9.3 Results and Discussion

The time resolved TEM images of the AgNPs interacting in water (Figure 9.2A) are

compared with that in the presence of protons (Figure 9.2B).
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Figure 9.2 Time series images showing the interactions of AgNPs in the (A) DI water,

(B) presence of protons and (c) time series images showing the interactions of AgNP

aggregates in the acidic solution. AgNP concentration: 10 mg/L.

According to the Figure 9.2A, the distance between the single NPs as well as the clusters
changed in an irregular manner with time, suggesting the random movement of AgNPs
in the liquid. This is more apparent from the Movie S1 where it indicates that the
movement of AgNPs in Figure 9.2A was non-directional. The randomly moving AgNPs
jumped back and forth several times before the attachment. On the contrary, in Figure
9.2B, in the presence of acid, individual AgNPs moved directly towards the aggregates
prior to the attachment (Figure 9.2B, Movie S2). In fact, the aggregation of AgNPs,
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starts with the aggregation of two individual particles forming an aggregate.
Subsequently the other particles attached to the previously formed aggregate to form
bigger aggregates in the presence of protons (Movie S2). The initially formed aggregates
rotate before aggregating with another NP or an aggregate. This further indicates the
presence of directional interaction in a protonated environment. It is observed that as
the distance between the AgNPs changed, only pairwise interaction can be observed.
When the AgNPs interact in the presence of protons the pairwise distance (coupling
proximity) changes differently depicting the change in the solution matrix affecting the
interactions. A striking difference between Figure 9.2A & B is the time taken for the
aggregation of AgNPs in the water and in the presence of protons. It takes longer time
for aggregation between the particles in water as compared to those in protons.
Furthermore, we observe that in the presence of the protons, the pairwise interaction
which first promote the AgNPs to first form a few pairs is followed by a sudden jump
allowing these paired AgNPs to contact each other, which result in the attachment of
these pairs of AgNPs with each other. The difference in the time taken for the inter
particle attachment in these two scenarios indicate that this jump to contact phenomenon
that result in the particle attachment occur almost instantaneously after the electron layer
around the AgNPs is affected, which is governed by the properties of the solution being

either water or acid.

Variation in the solution pH changed the behavior of the AgNPs resulting in rapid
attachment of smaller aggregates in forming larger aggregates. Figure 9.2C shows the
growth of the aggregates of AgNPs in the presence of protons. The size of the AgNP
aggregates change with the time resulting in larger aggregates as shown in Figure 9.2C.
The distance between the single AgNPs and aggregates decreased with time in the
presence of the protons (Figure 9.2B & C). The interaction forces between the
membrane and the aggregates may directly influence the attachment of the AgNPs to

the membrane in the acidic condition.
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Figure 9.3 (A) Images with the tracking 1Ds showing movement of AgNPs in forming
aggregates, (B) the change in the particle diameter of the AgNPs in (A) in the solution,
(C) Mohbility of the particle with the Track ID (2) in (A) and (D) Mobility of the particle
with the Track ID (4) in (A). AgNP concentration: 10 mg/L.

The TEM images of the AgNPs with tracking I1Ds before and after the addition of HNO3
acid are shown in Figure 9.3A. In the presence of the acid, initially the isolated NPs
attracted to each other. Then the remaining particles started to attach to the aggregates
formed resulting in larger aggregates with an increase in their overall diameter as shown
in Figure 9.3B. AgNPs moved in random directions before the attachment, as shown in
Figure 9.3C & D. According to the figures, different particles (track ID 2 & 4) mobilized
in the solution in different ways finally attaching to the larger aggregates formed.
According to the Figure 9.3C & D, the mobility exhibited by the particle with track 1D
(4) is higher than that of the particle with the track ID (2). Particle with the track ID (2),
moved for a limited as an individual particle before the aggregation. However, the
particle with the tracking ID (4) moved randomly for a considerable time before the

aggregation as observed in Figure 9.3D.
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In addition to the direct measurements obtained on the morphological features of the
NPs, it is also possible to observe the movement of the NP aggregates in the solution
using LCTEM. The random movements of the AgNPs and their attractive and repulsive
interactions in the water can be seen in the Movie S1. Since the point of zero charge of
bare SizN4 is about pH 4.1, AgNPs initially adhered to the positively charged SizNa4
membrane[312] when they are in the DI water (pH = 6.5), via electrostatic attraction
and vdW forces. After several seconds of exposure to the electron beam, some of the
particles or aggregates detached from the SisN4 membrane and moved in a quasi 2D
plane closer to the membrane in the focal plane. With the increasingly negative electrical
charges built up on the SisN4 membrane due to the secondary emission of the electron
beam irradiation, the negatively charged AgNPs repulsed and detached from the
membrane. However, as the aggregates increase to a considerable size such as the one
observed in Fig 1C, it the larger aggregates are attracted strongly towards the membrane.
This can be described by the attractive forces between a membrane and the particles can
be expressed as

kR

F=-2
622

(9.1)

Where k, is the Hamaker constant of water which is 1.5 x 107°, R is the radius of the
AgNPs or the aggregates and z is the distance between the membrane and the aggregate.
Larger aggregates (Figure 9.2C) were stationary during the time of observation. In this
scenario, the electrostatic repulsive force between the SizN4a membrane and AgNPs was
lower than the vdW attractive force between the membrane and the particles. However,
some AgNPs and smaller aggregates were observed moving continuously in a random
manner (Figure 9.2C). Rotational and translational as well as translational-rotational
coupled movements of these small AgNP aggregates were also observed (Movie 1 &
2).

Due to the formation of the aggregates in the acidic condition, the movements of the
individual NPs and aggregates is lower compared to the movement in DI water under
similar dose of irradiation. The fast movement of the NPs and aggregates in the water
can be attributed to the charging of the SisN4 membrane and NPs due to the electron
beam induced irradiation. The electrostatic repulsion between the membrane and the

charged AgNP aggregates can be the driving force for the fast movement of aggregates
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in water (Figure 9.2A, Movie S1). Instead, the presence of protons can increase the
conductivity of the solution and reduce the negative electrical charge built up by the
membrane. Moreover, aggregates with an increased size were observed in the presence
of protons, as the vdW attractive force between the AgNPs and SisN4 increased (Eqn.
(9.1)). This phenomenon suppressed the detachment and mobility of the AgNPs. Our
findings imply that the immobility of the AgNPs in LCTEM studies could be a result of
the increasing concentration of protons. Repulsion of free diffusive NPs instantly from
the field of view[313] is a common artefact in the LCTEM studies. It is mitigated by
adding other chemicals [309, 314], which was not used during our experiments to avoid

interferences.

9.3.1 Interaction forces experienced by AgNPs in water

Electron beam irradiation can increase the electrostatic repulsive force between AgNPs
and the membrane in water. The addition of protons weakens this electrostatic repulsive
force and decrease the distance (z) between the AgNPs. The interactive force between
the membrane and the particles/aggregates is inversely proportional to z2 (Eqn. (9.1)).
Therefore, the stronger traction from the membrane probably limits the random motion
of aggregates in the acidic solution. Furthermore, the higher concentration of protons
reduced the energy barrier for the aggregation of AgNPs. Each of the AgNP aggregates
is enclosed in a repulsive and anisotropic charge cloud when they are in water. When
the repulsive clouds of two AgNPs or aggregates overlap, they approach each other
closely. According to the Movie S1 & Figure 9.2A, individual NPs moved nearer to the
aggregates and approached them from different directions before the aggregation. The
individual AgNPs will be further repulsed by the repulsive cloud of the aggregates,
which will then try different ways to overcome the energy barrier for the interaction.
The electrostatic repulsion was screened in the presence of protons (Fig 1B). The short-
range interactions between the aggregates are dominated by the vdW attractions, which
facilitated the final attachment process. On the other hand, the long-range attractions
will take place when the distance between two AgNPs become larger than the range of
the vdW forces. These long range attractions are usually observed between identically
charged NPs in confined geometries[315] similar to the liquid cell used in the LCTEM

study. Therefore, the long-range attractions between the NPs, can be the driving force
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for two AgNPs or aggregates to move together. Yet, the mechanism of attraction of like
charge particles remains unresolved. This could probably cause due to the redistribution
of the ions and counter ions by the confining walls in the solution around AgNPs,
mediating long-range attractions. Therefore, the long-range, like-charge attractions and
the short-range vdW attractions worked together in governing the direct attachment of

AgNPs and smaller aggregates to the larger aggregates in the presence of protons.

9.3.2 Interaction forces experienced by AgNPs in the presence of Protons

The observations made here show that the aggregation of individual AgNPs is increased
in the presence of protons when the concentration of AgNPs is the same (Figure 9.2A
vs Figure 9.2B), even though the mobility is reduced when the size of the aggregates
increase (Figure 9.2B vs Figure 9.2C). This result demonstrates that the impact of
presence of protons affect the aggregation state of the individual AgNPs and aggregates
determining their interactions in the solution. Therefore, the surface area can be
significantly limited in the compact and larger AgNP aggregates. The increase in the
ionic forces not only stimulates large and complex aggregates, but also stimulates
aggregation by changing the way they behave together. This finding is especially
important in understanding the behavior of AgNPs in the surface and groundwater, as
the pH induced aggregation and the interactions of AgNPs will govern their toxicity in

the environmental matrices.

In summary our study reveals that AQNPs under the random motion in an aquatic matrix
tend to aggregate due to the impact of steric repulsive and attractive vdW forces. The
aggregation of AgNPs induced by the chemical composition of the solution matrix will
have important implications on the kinetics of the transformations of the AgNPs when
present in the aquatic environment. The formation of transient pairs before the direct
contact may provide enough time for AgNPs to change their orientation and explore
optimal configuration prior to complete attachment. This phenomenon may play a
critical role in different processes such as the oriented attachment of crystals or site-
specific binding between biological macromolecules. We believe that future studies
exploiting the use of LCTEM will provide important insights on exploring the details of
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interaction mechanisms among other properties of the solution matrix and the AgNPs,

which will be important in the areas in environmental engineering.
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10 Conclusions and Recommendations

This chapter presents the key conclusions derived during this study, followed by some

recommendations which can be considered in designing future studies.
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10.1 Conclusions

This thesis investigated several environmental parameters to evaluate the impact of
these factors on the transformations of AgNPs and the key conclusions derived are listed
below.

(1) Surfactants stabilized the AgNPs better than the polymers did and assisted in
obtaining a monomodal particle size distribution. From the two surfactants used
during the experiments, CTAB being a cationic surfactant showed promising
characteristics as a suitable stabilizer which can preserve the synthesized AgNPs
for an extended period.

(2) pH had a strong influence on the properties of the AgNPs, as it governed the
surface charge of AgNPs hence aggregation and oxidative dissolution. At acidic
and neutral pH, the particles were destabilized resulting in higher rate of
aggregation. In the alkaline conditions, the particles were re-stabilized due to the
presence of hydroxyl ions resulting in more stable suspensions. The short-term
results reveal that the impact of DO on the fate of the AgNPs is negligible
compared to the effect of pH, and aggregation dominate the initial
transformation.

(3) The role of HA varies within the concentration range of 0-250 mg/L. Firstly, in
the absence of HA irrespective of the lighting level, the oxidative dissolution
and aggregation took place with the interaction of atmospheric and dissolved
oxygen. Secondly, at the HA concentration of 1-20 mg/L, HA stabilized the
AgNPs due to the inhibition of the release of the ionic Ag and aggregation. In
the presence of sunlight, HA reduced the ionic Ag to form secondary AgNPs,
hence resulted in a redistribution of the PSD of the solution under the sunlight.
Thirdly, at higher concentrations of HA from 20 to 250 mg/L, AgNPs were
wrapped by the HA molecules suppressing the dissolution.

(4) EPS effectively stabilize the AgNPs in the presence of NaNOs and low
concentration of Ca(NOz)2. However, it enhanced the rate of aggregation at
higher Ca(NOs). concentration, as a result of the aggregation of the dissolved
EPS with AgNPs through inter molecular bridging, connecting the AgNPs and
forming aggregates. Among the three types of EPS, LB-EPS showed promising
effects in improving the stabilization of AgNPs, mainly due to the less

hydrophilic constituents present therein.
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(5) SA and BSA followed a mechanism of stabilizing the AgNPs in the matrix via
chemically coating the AgNPs. The transformations observed under these types
of organic matter can be affected by the other environmental factors as well.

(6) Finally, the suitability of using a novel technique, liquid cell transmission
electron microscopy (LCTEM) to track the time resolved changes in the
transformations of AgNPs was explored and it showed promising results that can

be exploited in the future research.
10.2 Recommendations

Due to the abundant usage of AgNPs in the consumer products their presence in water
bodies will be inevitable and probably increase in the future. Therefore, understanding
the cumulative impact of different factors on the transformations of AgNPs and their
long-term persistence in the aquatic matrices will be important. Furthermore, the
transformations of AgNPs in the complex environments such as wastewater treatment
systems also need to be considered. The mechanisms leading to the transformations of
AgNPs will vary due to the multiple factors present in the wastewater which can
determine their fate. On the other hand, the impact of the transformed AgNPs on the
biomass and the microbial communities also need to be considered in order to predict

possible remedial actions in removing the AgNPs.

When present in anaerobic conditions the transformations of AgNPs will vary due to the
absence of oxygen with little or almost no oxidative dissolution. Since the antibacterial
activity of AgNPs depends on its ability to produce ionic Ag, the toxicity of AgNPs in
the anaerobic conditions may be reduced. Furthermore, if there are microorganisms
present in those conditions, they can produce secondary AgNPs via reducing the ionic
Ag, which depend on their capacity to transfer electrons. This phenomenon may
differently affect the transformations of AgNPs in these conditions and understanding

them will be important in predicting the behavior of AgNPs in the anaerobic digestion.

When the anaerobic digestion is considered, AgNPs will coexist with the
microorganisms in those conditions, which will also secrete EPS and the characteristics
of EPS in these conditions will vary from that of the aerobic conditions. Therefore,
understanding the differential impacts of EPS secreted under such conditions will also

be important in exploring the fate of AgNPs. In summary, understanding the water
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chemistry conditions present in the real scenarios will provide insights to predict the

aging process of AgNPs and eventually its transport and fate in the environment.
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