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MOBILITY, PHYTOTOXICITY AND REMOVAL OF

NANOMATERIALS IN A NATURAL WATER SAMPLE

ABSTRACT

This research explored the mobility, phytotoxicity and removal of nanomaterials
(NMs), in a natural water sample. In this research three metal based NMs, including
one newly synthesized polyethylene imine coated silver nanoparticles, PEI@AgNPs
(50 £ 10 nm) and two already reported polyethylene glycol coated zinc oxide nano-
rods, PEG@ZnONRs (64 + 10 nm) and uncoated titanium dioxide nanoparticles,
TiO2NPs (89 + 20 nm) were synthesized. To investigate the effect of morphology, two
more zinc oxide structures, i.e., zinc oxide nano-needles, ZnONNSs (43 + 10 nm) and
zinc oxide micro-flowers, ZnOMFs (1.09 + 0.2 pm) were also produced. Carbon based
NMs comprising of carbon nanoparticles, CNPs (20+ 10 nm) and graphene oxide
quantum dots, GOQDs (50 £ 20 nm) were synthesized by following earlier work.
Packed column experiments were systematically performed to explore the behavior of
metal and carbon based NMs using natural river water as flowing medium. For NMs
mobilization behavior, two metal based NMs i.e., PEG@ZnONRs and TiO,NPs were
selected and analyzed under hydroponic plant growth. The results obtained from the
column transport experiments of metal based NMs revealed that, the surface coating
play important role in the particle dissolution and ionic metal release. Typically, the
ionic metals release i.e., Ag(l), Zn(Il) and Ti(IV) were 3 %, 19 % and 12 % from
PEI@AgNPs, PEG@ZnONRs and TiO>NPs respectively. The findings obtained from
the size and morphology effects depicted that, ZnONNs with small particle size (43 +
10 nm nm) and simple needle shaped morphology was transported well compared to
PEG@ZnONRs (64 = 10 nm), and ZnOMFs (1.09 £+ 0.2 um) with large particle sizes

and angular structures. The transport behavior of carbon based NMs was largely driven
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by the particle surface charge. CNPs with high surface charge (-40 mV) transported
more from the column compared to GOQDs (-24 mV). In addition, the presence of
monovalent salt (NaCl) significantly affects the transport behavior of metal and carbon
based NMs. Whereas, limited response was observed in the presence of divalent salt
(CaCly). The findings achieved from the metal ion mobilization into the plant revealed
that, Zn(I) ions due to the generation of oxidative stress significantly inhibit the
physiological and biochemical activity of plant even at small concentration (40 pg/mL).
In contrast, no adverse effects of Ti(IV) ions were observed at concentrations up to 200
png/mL. This contrast finding was due to the distinct mobilization pattern indicating
that, both metal ions exert different effects under similar environmental conditions. In
remediation part, polymer modified mesoporous silica iron microcubes (P@MSIMC)
adsorbent was successfully synthesized. The maximum removal efficiency of adsorbent
for PEG@ZnONRs, TiO>NP and PEI@AgNPs was 850 mg/g, 720 mg/g and 550 mg/g
while, 600 mg/g and 504 mg/g for CNPs and GOQDs respectively. The kinetics of
adsorption process fitted well with the pseudo-second-order kinetic model.
Furthermore, the adsorption process was predominantly unaffected in presence of
natural water coexisting ions suggesting that, the synthesized adsorbent is excellent for

the remediation of metal and carbon based NMs from natural aqueous medium.

Keywords: Nanomaterials, Mobility, lonic metal release, Phytotoxicity, Removal.



MOBILITI, KEFITOKSIKAN DAN PENYINGKIRAN BAHAN

NANO DALAM SAMPLE AIR SEMULA JADI

ABSTRAK

Kajian ini meneroka pergerakan, kefitoksikan dan penyingkiran bahan nano dalam
sampel air semulajadi. Dalam kajian ini, tiga NMs berasaskan logam termasuk zarah
nano polietilena imina bersalut perak, PEI@AgNPs (50 = 10 nm) dan dua yang telah
dilaporkan polietilena glikol rod-nano zink oksida, PEG@ZnONRs (64 = 10 nm) dan
titanium dioksida yang tidak bersalut zarah-nano, TiO>NPs (89 + 20 nm) telah
disintesis. Untuk mengkaji kesan saiz dan morfologi, dua struktur zink oksida lain iaitu
zink oksida nano-jarum, ZnONNs (43 + 10 nm) danzink oksida mikro-bunga, ZnOMFs
(1.09 £ 0.2 um) juga telah dihasilkan. NMs berasaskan karbon termasuk zarah-nano
karbon, CNPs (20 £ 10 nm) dan titik kuantum grafin oksida, GOQDs (50 £ 20 nm)
disintesis dengan mengikuti kerja-kerja awal yang telah dilaporkan. Eksperimen lajur
yang dibungkus secara sistematik dilakukan untuk meneroka tingkah laku NMs
berasaskan logam dan karbon menggunakan air sungai semula jadi sebagai medium
yang mengalir. Bagi tingkah laku penggerak NMs, dua logam berasaskan NMs iaitu,
PEG@ZnONRs dan TiO>NPs dipilih dan pengambilan ion logam dan pengangkutan
dianalisis di bawah pertumbuhan tumbuhan hidroponik. Hasil yang diperoleh dari
eksperimen pengangkutan lajur dari NMs berasaskan logam mendedahkan bahawa
salutan permukaan memainkan peranan penting dalam pembubaran zarah dan
pembebasan logam ionik. Biasanya, pelepasan logam ionik, Ag(I), Zn(II) dan Ti(IV)
masing-masing adalah 3%, 19% dan 12% daripada PEI@AgNPs, PEG@ZnONRs dan
TiO2NPs. Penemuan yang diperolehi dari kesan saiz dan morfologi yang digambarkan
bahawa ZnONNs dengan saiz zarah kecil (43 + 10 nm) dan morfologi berbentuk jarum

mudah diangkut dengan baik berbanding dengan PEG@ZnONRs (64 = 10 nm), dan



ZnOMFs (1.09 £ 0.2 um) dengan saiz zarah besar dan struktur sudut. Tingkah laku
pengangkutan NMs berasaskan karbon sebahagian besarnya didorong oleh caj
permukaan zarah. CNPs dengan caj permukaan tinggi (-40 mV) dapat diangkut lebih
banyak daripada lajur berbanding GOQD (-24 mV). Di samping itu, kehadiran garam
monovalen (NaCl) memberi kesan ketara terhadap tingkah laku pengangkutan logam
dan berasaskan NM berasaskan karbon. Sedangkan tindak balas terhad diperhatikan
dengan adanya garam divalen (CaCly). Penemuan yang diperolehi daripada penggerak
ion logam ke dalam tumbuhan mendedahkan bahawa, Zn(II) ion kerana penjanaan
tekanan oksidatif dengan ketara menghalang aktiviti fisiologi dan biokimia tumbuhan
walaupun pada kepekatan kecil (40 pg/mL). Sebaliknya, tiada kesan sampingan dari ion
Ti(IV) diperhatikan pada kepekatan sehingga 200ug/mL. Penemuan kontras ini adalah
disebabkan corak penggerak yang berbeza dari ion Zn(II) dan Ti(IV) yang menunjukkan
bahawa kedua-dua ion logam menghasilkan kesan yang berbeza di bawah keadaan
persekitaran yang serupa. Dalam bahagian pemulihan, agen penjerap berasaskan silika
berliang meso berjaya disintesis. Penjerapan maksimum yang diperoleh untuk
PEG@ZnOMRs, TiO>NPs dan PEI@AgNPs i1alah 850 mg/g, 720 mg/g dan 550 mg/g.
Manakala, 600 mg/g dan 504 mg/g untuk CNPs dan GOQDs. Kinetik penjerap dipasang
dengan baik dengan model kinetik tindak balas tertib kedua pseudo untuk kedua-dua
bahan logam dan karbon. Proses penjerapan tidak terjejas dengan kewujudan anion dan
kation bersama menunjukkan bahawa penjerap yang telah berjaya disintesis adalah

sangat baik untuk pemulihan logam dan karbon NMs dari media berair semula jadi.

Kata kunci: Bahan nano, Mobiliti, Ionic logam pelepasan, Kefitokikar, Penyingkiran
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

Nanomaterials (NMs) based industries are growing exponentially due to the rapid
rise of information technology and advanced materials. With this rapid production,
NMs will be ubiquitous in both the natural and engineered environments and has
created notable concern with environmental regulations (Hegde et al., 2016; Syberg et

al., 2016) and industrial associations (Som et al., 2012).

According to the new definition (European commission., 2011), the term
nanomaterials (NMs) may be described as any synthesized material containing
particles, in an unbound state or as an aggregate or as an agglomerate and where, 50 %
or more of the particles are in the number size distribution, one or more external
dimensions is in the size range 1 nm to 100 nm. (Pereira et al., 2017). Nanomaterials
may exhibit properties different from their non-nano forms, and these different
properties have raised questions about potential human health and environmental risks

(Boverhof et al., 2015).

Most commonly used NMs are metal and carbon based materials. Metal oxide NMs
including titanium dioxide (TiO2) and zinc oxide (ZnO) have made their way into
personal care products and catalytic applications (Bhuyan et al., 2016; Lewicka et al.,
2011; Weir et al., 2012; Xu et al., 2015). Nanosilver, primarily known for antibacterial
properties (Duran et al., 2016) and is used in approximately 20% of the NMs
containing products. Graphene and carbon based NMs are also widely used
nanostructures which are particularly desirable for their mechanical, electrical, optical
and thermal properties (Angiola et al., 2016; Nandi et al., 2016). These materials are

synthesized in a variety of shapes, sizes and surface properties, including C60 “buky



balls”, carbon nanotubes and graphene quantum dots (Lv et al., 2016; Zhang et al.,
2016a) to boost their practical applications. With these advancements in
nanotechnology, the widespread utilization of nano products usher serious concern
about their release into the aquatic, terrestrial and atmospheric environment. For
example, recent studies found the occurrence of NMs in wastewater effluent, sludges
and biosolids (Gottschalk et al., 2013) which pinpoint the introduction into the
terrestrial environment through their application for agriculture purposes (Oleszczuk et
al., 2011). In addition, nanosilver and carbon nanotubes have also been reported to
be present in estimated amount from production to disposal or release, considering high

production and release estimates as of 2010 (Keller et al., 2013).

Additionally, nanotechnology has a great potential to improve environmental and
water quality. Usage of NMs in membranes, adsorption and catalysis can revolutionize
the water treatment technologies. While most of the industries embracing
nanotechnology in the manufacturing process for the novel properties of NMs. Natural
waters and ecosystems will likely face unknown consequences from the introduction
of these advanced materials in the environment. Moreover, unique size, shape and
properties of NMs may challenge the engineered systems as the current treatment

facilities did not consider these anthropogenic contaminants in design.

Due to all these growing concerns about potential risks from exposure to NMs, the
U.S. Environmental Protection Agency, proposed a budget of $2.1 billion (which
is $201 million increase from the 2010 endorsed budget) to understand the potential
risks of NMs (Duvall et al., 2011). Environmental monitoring and regulations is also
a big challenging task for the rapid growth of numerous NMs. Furthermore,
environmental degradation is quite possible from the manufacturing, usage and

disposal steps, making the condition more critical to regulate the outbreak of NMs.



Therefore, studies should be conducted to investigate the behavior of NMs in the real
natural environment and the factors responsible for nano ecotoxicology. Moreover, the
potential removal steps or advanced methodologies are needed to explore and to

minimize the impact of NMs in the natural water environment.

1.2 Problem Statement

Although the potential for nanotechnology in environmental engineering is
immense, the challenge is to ensure the sustainable development of nanotechnology
instead of a future environmental liability. Understanding the behavior, mobility and
removal processes are essential for regulating and monitoring the potential concerns
generated from nanotechnology. Most of the previous research reports focused on the
behavior of NMs under synthetic solution in deionized water. However, the behavior
of NMs in the natural aqueous environment studies rarely taken into account. In
addition, the investigation of NMs mobilization through the contaminated water into

the living objects such as plant is of key importance and need to be considered.

Another important feature which is mainly unexplored is the comparative analysis
of the mobilization behavior of a single and the mixture of different NMs, which may
affect their mobilization and the consequences produced in return. Therefore,
systematic research approach is required to fill this current knowledge gap.
Furthermore, there should be an amplified technique for the removal of metal and
carbon based NMs from the natural aqueous medium. Hence, this doctoral research
addresses the fundamental effects of natural complex environment on the NMs
behavior, mobility and the development of efficient remediation technique for NMs

removal.



1.3 Research Objectives

This work aims at the development of a better understanding of the behavior
transport or mobilization of NMs and its efficient remediation from the natural aqueous

medium.

The main objectives of this research are,

1- To synthesize and characterize metal and carbon based nanomaterials of different

shape, size and surface charge.

2- To investigate the mobility of metal and carbon based nanomaterials through porous

column transport and mobilization of metals ions into the plant.

3- To develop a potential remediation process to remove metal and carbon based

nanomaterials from natural water sample.

1.4 Research Scope

Understanding the behavior of NMs in the natural aqueous environment will assist
risk assessments by guiding the toxicity testing of nanomaterial formulations under
real environmental conditions. This should be coupled with the development of
appropriate measurement techniques that can quantify both concentrations and particle
sizes with appropriate quality assurance and quality control. From the literature it is
evident that surface properties of NMs is fundamental in determining their behavior

and these properties will need to be considered in any hazard ranking.

The proposed research is expected to greatly improve fundamental knowledge of
NDMs transport, ionic release, and mobilization and aggregation behavior in natural
aqueous media. The results obtain from the natural aqueous medium will be compared
with the synthetic solutions. As the coupling of detailed experimental research in

natural and synthetic solution in deionized water will provide rigorous testing of



conceptual models of NMs behavior in subsurface systems. This will improve to
culminate knowledge in the development of numerical simulator capable of
predicting NMs behavior over a range of conditions that might be encountered in
natural systems. It is further anticipated that the experimental methods can be

adapted or directly used to predict the behavior of NMs in subsurface systems.

Measurements of the NMs dissolution, aggregation and ionic release behavior, not
only predicts its short-term and long-term stability, but will also assist in the
development of techniques to distinguish the properties of NMs under natural and
synthetic environment. These measurements will mainly focus on particle
concentration, size and surface characteristics. Transport and toxicity testing of NMs,
and its distribution using the plant model will assist in determining the critical in-vivo

knowledge about the dose and time dependent toxicity.

Determination of the significant behavior of NMs will facilitate in designing the
hazard ranking of nanomaterial toxicity, as a precursor of toxicity testing. More
specifically, the comparison of NMs behavior in natural verses synthetic water, will
demonstrate the effects of natural co-existing colloids. The results obtained through
this project on the transport behavior and mobilization of NMs may lead to change in
the existing policy on the synthesis, surface modification and stabilization of NMs
from synthesis to utilization and disposal steps. Furthermore, the development of
sustainable remediation process for the removal of NMs will be helpful economically

and can be utilized in NMs remediation technologies.

1.5 OQutline of the Thesis

This thesis 1s written in the conventional style format using the guidelines of
Institute of Post Graduate Studies (IPS), University Malaya. The thesis consists of five

chapters, with different aspects relevant to the topic of the study.



Chapter 1: This chapter includes a brief introduction to the research background,

aims and objectives and the overall conceptual framework designed for this study.

Chapter 2: This chapter reviews the literature of metal and carbon based materials and
the factors affecting the behavior, mobilization and removal of NMs and highlight the

existing gaps in the knowledge base.

Chapter 3: This chapter describes the general methodology adopted for the overall

research carried out in this project.

Chapter 4: This chapter describes the results and discussions of the NMs synthesis,
characterization, ionic dissolution, transport and retention behavior of metal and carbon
based NMs in natural river water (a). The influence of NMs physicochemical
properties and the effect of solution chemistry were also discussed in detail (b). The
results obtained from mobilization of selected metal based NMs, the uptake and
translocation and the physiological and biochemical impacts on growth of red bean
model plant system were demonstrated (c). The results acquired from single and co-
exposure of two metal ions on uptake kinetics was also elaborated (d). In addition, the
removal of all metal and carbon based NMs was described by synthesizing a polymer-
modified mesoporous silica iron microcubes as adsorbent (e). The details of the
adsorption kinetics with isotherm models and removal efficiency were also discussed

in details (f).

Chapter 5: In the last chapter, results and the key findings of the whole research
were summarized. In addition, the recommendations and future directions were also

discussed.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Human advancement profoundly becomes a major source of environmental
pollution via fast development and extensive use of materials in everyday life. In
recent years, nanotechnology has become a major state of the art for scientific
and economic development. However, their epidemic usage and high dose
introduction effectively produce a deleterious effect on the aquatic and terrestrial
ecosystem. The examples of some extensively used NMs are metal and carbon based
materials. Metal based NMs such as silver nanoparticles (Li et al., 2016; Liu et al.,
2017; Ocsoy et al., 2017) zinc oxide nanoparticles (Atchudan et al., 2016; Barhoum et
al., 2017) titanium dioxide nanoparticles (Petala et al., 2016; Ranjan et al., 2016) are
widely utilized for many domestic and industrial applications. The examples of carbon
based NMs includes graphene oxide nanoparticles (Hu et al., 2016; Ji et al., 2017; Wang
et al., 2017) carbon nanotubes and carbon nanoparticles (Alatalo et al., 2016; Huang et
al., 2013; Sun et al, 2016b) which find their way in various industrial and

environmental applications.

Along with the expending use of these NMs in daily life, there is a growing
concern over their ecological toxicity. These NMs with distinct surface properties
entered the ecosystem either intentionally or unintentionally and affect the ecosystem.
Recently a research group (He et al., 2015) summarizes that, NMs when released into
the environment interacted with the biota of ecosystem through three-way pathways i.e.,
nano-bio-eco interaction and produce nanotoxicity. As displayed in the graphical
representation (Figure 2.1), NMs after manufacture, enters the aqueous system through
application or disposal route where their behavior are influenced by the dynamic

interaction among different environmental compartments. To understand these



interactions it is necessary to elaborate the impact of NMs physicochemical properties

and the factors affecting the behavior of NMs in natural aqueous system.

Figure 2.1: Illustration of the three-way interactions during NMs manufacture, use and
disposal (He et al., 2015).

Marvelous innovations in the nanotechnology are the result of NMs
physicochemical properties, which make them promising candidates for their
increased utilization in products. However, at the same time these unique properties
ultimately provoke concern over ecological toxicity (Maurer-Jones et al., 2013).
Estimating the behavior of NMs in natural aqueous environment and predicting their
transport and transformation properties are necessary steps in the assessment and
management of the risks of this technology. For this purpose, NMs must be
characterized well to fully understand the impact of physicochemical properties of NMs
to better understand and predict what happens to NMs when they exposed absorbed,

transport and distributed to the objects of environment and ecosystem. To predict the



behavior of NMs when exposed to aqueous system requires experimental data in 3
general areas. 1) To characterize the NMs at the point of exposure to natural aqueous
system. 2) To investigate how the properties of the NMs change between their starting
point and every possible point of exposure to natural aqueous system. 3) The ability of
NDMs to absorbed, transport into the living systems. Furthermore, the mechanistic details
and factors related to characteristics of NMs and natural aqueous medium are of critical

importance.

Because of all these diverse range of needed information, the range of NMs
transports behavior techniques are required to attain these informations. For point 1, the
characterization techniques are needed that can monitor the structural composition,
surface coatings, surface charge and morphological properties of NMs. For point 2,
analytical methods are required that can closely monitor and quantify the transformation
of NMs and the impact of various environmental factors such as medium pH, ionic
strength and naturally occurring dissolved organic matters. For point 3, living model
systems are needed to investigate the interactions, transport and mobilization of NMs in
complex living tissues, enabling to predict the effect of NMs properties, and types of

effects they have at the tissue levels.

NMs such as silver nanoparticles (AgNPs) owing to its unique optical, electrical, and
thermal properties are being incorporated into products range from photovoltaics to
biological and chemical sensors. The most common application of AgNPs is because of
its antimicrobial activity that continuously releases a low level of silver ions to provide
protection against bacteria. AgNPs are also being used in numerous technologies and
incorporated into applications such as, biosensors, in conductive inks, and for enhanced
optical applications such as surface-enhanced Raman scattering (SERS). Worldwide,

the present production of AgNPs is estimated at about 500 t/a (Mueller and Nowack,


http://www.sciencedirect.com/science/article/pii/S016041201000228X#bb0475

2008), and a steady increase on the volume manufactured is predicted for the next few

years (Boxall et al., 2007a).

Titanium dioxide nanoparticles (TiO>NPs) due to its high diffraction index and
strong light scattering and incident-light reflection capability, is widely used as white
pigment. Due to its high UV resistance ability they are mainly found in high-factor sun
protection creams, textile fibers or wood preservatives. Other applications of TiO2NPs
includes they are actively used in solar cells (Ahn et al., 2014; Sabba et al., 2014; Sigdel
et al., 2014) photocatalysis (Brauer et al., 2014; Mou et al., 2014) anatase activity (Chen
et al., 2014) oxidation of CO (Zhou et al., 2014) reduction of CO, to CH4 (Fang et al.,

2014) and also as food additives.

Similarly, zinc oxide nanoparticles (ZnONPs) are widely utilized in several
environmental applications and are the third highest used metal-containing
nanomaterials. It is reported that the worldwide annual production of ZnONPs is
31,500-34,000 t per year, and ranking after to TiO> among various metal based NMs.
These nanoparticles are widely utilized in personal care products like sunscreens as well
as applications in catalysis, chemical manufacturing, optical devices, and in biosensing
applications (Boonyanitipong et al., 2011). In addition, owing to its high antibacterial
activity and stability, ZnONPs are becoming the extremely attractive materials in fields
of food additives, packing and agriculture, and biomedicine (Zhao et al., 2014;
Sirelkhatim et al., 2015). From the literature it was estimated that, around 8-20%
ZnONPs enter the water environment, with the mean reported concentration of
6.97 mg/kg in EU area in sediments. (Feng et al., 2016; Piccinno et al., 2012; Sun et al.,

2016a).

Carbon based NMs such as carbon nanoparticles (CNPs) because of its distinct

surface properties have gain interest in neumerous environmental remediation
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techniques (Chen et al., 2007; Xiao et al., 2010). These particles also gain tremendous
application in field of biology and nanomedicine (Marchesan et al., 2015) as sensor
(Saetia et al., 2014) in printed electronics (Wang et al., 2015b) and in several catalytic

techniques (Xiao et al., 2014).

Graphene oxide nanoparticles (GONPs), a single aromatic sheet of bonded sp?
carbon atoms due to its unique optical, electronic and catalytic properties have been
widely used in diverse environmental (Kumar et al., 2014; Shih et al., 2014; Zhang et
al., 2014) industrial (Bag et al., 2014; Kumar et al., 2014) nano-biosensing (Tabrizi et
al., 2014) nanomedicine (Feng et al., 2013; Weaver et al., 2014) and in photocatalytic
(Ong et al., 2014) applications. Applications of NMs still in progress a lot of research
groups actively utilizes these nanomaterials either by grafting, surface functionalizing or
by making hybrid nanocomposite which renders NMs to more reactive in industrial and

environmental remediation processes.

In the present era of science and technology, all these mentioned NMs are
profoundly produced in various forms, shapes, sizes and surface coatings. These
enumerable forms of NMs not only enhance their industrial applications but also raise
potential concern towards ecosystem and human health (Boxall et al., 2007b).
Furthermore, in addition to other NMs, the production and use of metal based NMs
dramatically increases (Ping et al., 2007) due to huge commercialization and

substantial utilization in numerous market products (Lem et al., 2012).

This widespread production and utilization of metal based NMs; raise its concern
towards ecotoxicology. Once released into the environment the zero valent metal (M°)
readily oxidized to ionic metal (M") (Dobias et al., 2013) which is reported as the
main source of toxicity related to metal based NMs (Kittler et al., 2010). These ionic

species profoundly accumulate into the natural water systems (Philippe et al., 2014)
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and create toxicity (Kalbassi et al., 2011). Amid the synthesis and application, one of
the unavoidable problems associated with metal based NMs is its instability due to
high surface energy (Lu et al., 2007). To overcome this problem researchers
fabricate stabilizing polymers at the surface of NMs to minimize the electrostatic

repulsion and prevent aggregation (Bayram et al., 2015).

Though, in this way making them good candidates for practical application (Perni
et al., 2014). However, surface stabilization also increases the concern of unknown
reactions when these particles subjected to introduce into the natural environmental
matrices. The behavior of polymer coated metal based NMs comparing to uncoated
NDMs, is not very well understood. Though, several previous reports described that the
presence of dissolved ions, and natural organic matter (NOM) profoundly affects the
metal based NMs behavior (Aiken et al., 2011; Fabrega et al., 2011). However, limited
data exist to understand the behavior of coated and uncoated metal based NMs exposed

to the natural aqueous environment (Duncan, 2014; Piccapietra et al., 2011).

As reported earlier (Furman et al., 2013) that naturally dissolved ionic salts and
NOM can have significant effect on behavior of NMs. NOM is a by-product of
decaying plant material typically present in dissolved form in natural water. The
NOM level found in most of natural water ranges from 0.1 to 20 mg/L (Rodrigues et
al., 2009). It was reported earlier the presence of NOM profoundly affects the
transport and toxicity of NMs (Aschberger et al., 2011). Hence, concern regarding
effect of surface coating, size dependent dissolution (Liu et al., 2010b), dissolution
kinetics, and aggregation behavior of metal based NMs is of great interest and need to

be explored to understand its toxicity to the aquatic environment.

Carbon based NMs owing to their profound potential in various advanced

applications rapidly expand the interest of the scientific community. Despite its
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exciting application outlook, the knowledge about the environmental behavior of these
NMs is in their infancy and has to be addressed. Understanding the factors, affecting
the behavior is essential for practical application of these materials in various sectors
such as land application of sewage sludge and groundwater recharge and other
environmental applications. Graphene oxide (GO) is a new kind of carbon based
nanomaterial and is widely used in various industries such as agriculture, biomedical
application, sensor technologies and in several environmental applications. The
reactivity of GOQDs is predominantly due to the surface properties containing a large
number of hydrophilic groups, such as carboxylic, phenolic and hydroxyl groups which
enabled it to be easily dispersed in water and can flocculate in the presence of ionic

salts (Konkena et al., 2012; Wu et al., 2013).

Similarly, carbon nanoparticles (CNPs) have recently attracted tremendous
attentions due to their low toxicity, good water solubility, robust photostability, high
chemical inertness and excellent biocompatibility and largely utilized in several
industrial and environmental applications. However, the environmental impact and the
factors affecting the CNPs behavior are not studied in detail so far. Moreover, the effect
of physicochemical properties of both CNPs and GOQDs and the factors of natural
complex water is yet to be disclosed. As several studies revealed that regardless of
the route of NMs release and exposure (Khin et al., 2012) sediments and porous
subsurface have been identified as likely environmental sink for NMs (Gottschalk et
al., 2011) in which NMs undergo subsequent transport and transformation (Lowry et

al., 2012).

In order to investigate the toxicity of NMs, recent efforts pinpoint the
environmental behavior and risk factors associated with the NMs. In addition, several

recent research effort appreciating the need of environmental assessment together with
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the NMs behavior, transport, and toxicity, to promote sustainable use of these novel
materials. Carbon based NMs including carbon nanotubes (Eckelman et al., 2012;
Verdugo et al.,, 2014), carbon nano dots (Xiao et al., 2016) and graphene oxide
(Combarros et al., 2016; Xie et al., 2016) similar to metal nanoparticles (Elsaesser et al.,
2012; Hedberg et al., 2016) have found to be toxic towards the aqueous environment.
Increased application and uncontrolled production of these NMs to a large extent will
likely lead to the release in the environment and ecosystem causing damage to the

cellular level.

Moreover, long-term stability studies showed that graphene oxide is highly
unstable in natural surface water and readily interact with other environmental
surfaces. This may play a key role in the transformation of these emerging NMs in
aquatic  environments. Despite significant research on graphene NMs applications,
research on their environmental risk is in its initial stage, and there are only a few
published reports available on the aqueous behavior of GOQDs. Hence, behavior of
this emerging material in the natural aqueous environment is crucial and need to be

investigated for sustainable implementation (Chowdhury et al., 2014).

Although certain literature is emerging from the past few years reporting
ecotoxicology of synthesized NMs, but the mechanistic basis of exposure and related
NMs behavior under different environmental conditions are poorly understood,
especially in the natural aqueous environment. Moreover, there are many challenges
and controversies exist, but knowledge transfer from NMs intrinsic properties,
colloidal chemistry, as well as detailed material and geological sciences will enable
ecotoxicological studies to facilitates and to move forward in this new

multidisciplinary field (Farre et al., 2009).
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To gain better understanding of NMs transport behavior, investigation using porous
media is widely reported in literature. Because of simple methodology and experimental
diversity to investigate NMs transport at different operational parameters and aqueous
chemical conditions, the technique is of practicle importance. Transport of NMs through
porous media under environmentally relevant conditions, such as the variations in water
flow rate and ionic strength making it possible to investigate and modeled the transport

of NMs under natural aqueous conditions.

There are several previous reports dealing with the transport of NMs through
saturated porous media (Kasel et al., 2013; Sasidharan et al., 2014; Wang et al., 2012).
For instance, Zhang and others described the transport of cerium oxide nanoparticles
under saturated silica media (Zhang et al., 2016c). They studied the influence of
operational parameters and effect of aqueous chemical variation on transport of cerium
oxide nanoparticles. In another study (Xia et al., 2017) researchers studied the cation
inhibited transport of graphene oxide nanomaterials in saturated porous media. They
found that the transport of negatively charged nanoparticles in porous media is largely
affected by medium cations. The observed inhibition was mainly because of the
interaction of cations with packing material (quartz sand) and graphene oxide due to
cation bridging effect. Using quartz sand as packing material, the transport and
deposition of graphene oxide was also extensively studied by Peng and others in

saturated porous media (Peng et al., 2017) and so many others.

2.2 Factors Affecting Behavior of NMs

The gap between NMs synthesis, and its predicted environmental behavior urge the
scientific community to introduce the robust, stable, ecofriendly methods for a save
synthetic processes (Happo et al., 2013) and save disposal. The in-bound

characteristics of NMs greatly affect their transport into the environment. For example,
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the toxicological effects belong to the metal doped NMs primarily due to its high
stability toward aggregation and their ability to react with complex natural organic
matter (Liu et al., 2012b). In addition, some report (Nathalie Adam 2014) claims that
the transport and toxicological impact of NMs is solely attributed to its dissolved ion

concentration rather than nanomaterial itself or its aggregated form.

As aggregation is directly related to the transport of nanomaterials, the stability
towards aggregation play a crucial role in the long-term toxicity production. Certain
environmental factors such as pH of solution, concentration of salt, type of electrolyte
and organic acids such as humic acid produces huge impact in the dissolution and
aggregation of ZnONPs in aquatic ecosystem (Cupi et al., 2015; Han et al., 2014;
Majedi et al., 2014). Transformations of these NMs, such as agglomeration,
dissolution, sedimentation or surface modification, by interacting with naturally
occurring moieties, could greatly alter the degree of environmental release (Maurer-

Jones et al., 2013; Peijnenburg et al., 2015).

2.2.1 Physicochemical Properties of NMs

The physicochemical properties of NMs, such as surface coatings, elemental
composition, size and shape or morphology greatly influence the aggregation and

transport behavior of NMs under complex natural environment.

NMs functionalized with anionic surfactant or polymers are believed to be more
mobile because of stability coating which imparts stronger electrostatic repulsion
between NMs themselves. For example, great retention ability was observed in sodium
dodecyl sulfate coated single walled carbon nanotubes (SWCNT) due to decreased

critical aggregation in porous medium (Bouchard et al., 2012).
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Similarly, sodium dodecyl benzene sulfonate (SDBS) incorporate negative charge
on the surface of graphene oxide nanoparticles and increases the transport potential in
aqueous solution (Liu et al., 2015a). However, increased concentration of surfactant
up to the certain limit decreases the transport behavior of NMs by forming electric
double layer. Furthermore, the properties of the surface head group of the surfactant or
polymer also play role in the mobility and degree of aggregation (Mehta et al., 2009).
Similarly, in case of cationic surfactant and polymer, the nature of surface coating

dictates its dissolution, sorption and release into the aqueous system (Ellis et al., 2016).

Recently, there is a much interest in grafting polymers such as polyethylene imine
(PED) and polyethylene glycol (PEG) and other hydrophilic, neutral polymers at the
surfaces of NMs. The surface coating with polymers minimizes the extent of NMs
aggregation by providing stability. Basically, surface-bound polymers are effective in
masking surface charge and reducing electrokinetic effects such as particle
electrophoretic mobility (Lee et al., 2016). In addition to surface functionalities, size
and surface morphology has reported as a controlling factor in the dissolution, ionic
release and behavior of NMs. For example, the toxicity behavior of NMs increases as

the size of nanoparticles decreases (Azam et al., 2012; Lei et al., 2016).

TiO, due to their unique characteristics like unusual shape, size and other
morphological and structural properties, have gained substantial impact on their
transport in the ecosystem (Nam et al., 2014). TiO, show huge toxicity to the
environment (Ge et al., 2013; Strobel et al., 2014) by bio persistence and non-
degradable properties which make them a potent candidate for possible long term
chronic effects (Fadeel et al., 2012). However, TiO> are often reported as less toxic than

many other NMs during species sensitivity distributions (Hendren et al., 2011).

17



A group of researchers (Peretyazhko et al., 2014) investigated the size dependent
oxidative dissolution and the effect of pH on the thiol functionalized methoxyl
polyethylene glycol silver nanoparticles (PEGSH-AgNPs). They found that the extant of
PEGSH-AgNPs dissolution in acetic acid was higher compared to water due to the
protonation of the surface Ag>O layers. Protonation led to weakening and breaking of
the surface Ag>O bonds, thus resulting in more Ag" release into the acidic solution.
They also experienced that like the previous report (Liu et al., 2010b; Silva et al., 2014),
solubility of AgNPs increased as their sizes decreased, both in the neutral and acidic

medium.

According to this study, after dissolution, the particle morphology did not change
when observed under TEM analysis. Nevertheless, other factors like dissolved organic
species, type of ligand and suspended particulate materials may alter the morphology
and aggregation properties in the aquatic ecosystem. These observations showed that
irrespective of the particle sizes, medium pH, and change in solution chemistry, AgNPs
could be considered as non-reactive towards oxidative dissolution. In addition to size,
surface charge and concentration also play a major role in the toxicity of AgNPs.
Previously, a group of researchers (Silva et al., 2014) examined that surface coating or
organo-coating imparts stability to the NMs and causes of the inhibition of aquatic
vertebrate models growth by suppressing certain biologically important enzymes.
Moreover, certain aquatic plants were also susceptible to the dissolved AgNPs through
uptake and bioaccumulation into the different plant parts. Therefore, surface chemistry

of NMs has a strong influence on their mobility, transport and aggregation behavior.

2.2.2 Physicochemical Properties of Aqueous Medium

Solution chemistry, such as pH and ionic strength, and presence of certain dissolved

natural organic matters are important controlling factors for mobility and aggregation
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of NMs (Surette et al., 2016). The solution pH through determining the zeta potential
values at the surface of NMs, influencing the stability and electrophoretic mobility in
the solution. Basically, pH can alter the electrophoretic mobility of particles by
decreasing the stability when the pH reaches the point of zero charge (pzc) or
isoelectric point. A lower zeta potential tends to aggregate NMs in solution, whereas a
high zeta potential values (negative or positive) imparts the NMs stability in

suspensions.

Ionic properties are another factor controlling the extent of NMs behavior. Many
studies have investigated the impact of ionic strength on NMs behavior. The
aggregation and deposition between NMs and porous media are strongly dependent on
ionic strength. For example, the mobility of graphene oxide nanoparticles increases in
low ionic strength solution and retention increases as the ionic strength increases (Liu
et al., 2013). The presence of certain electrolytes in solution such as Na-Ca electrolyte
system, determine the mobility or retention of NMs and cause aggregation due to

bridging effect between electrolyte and NMs (Qi et al., 2014a).

Similarly, the retention of AgNPs was much more pronounced in the presence
of Ca** than K' due to cation bridging but decreasing the solution ionic strength
enhanced the mobility of surfactant-stabilized AgNPs (Liang et al., 2013).
Furthermore, the increase in ionic strength of divalent salts such as CaCl,, highest
deposition or retention of NMs was observed in porous media (Jaisi et al., 2008). In
addition to electrolytes, the presence of natural humic substances also affects the
behavior of NMs. For example, the ionic release behavior of Zn(Il) was greatly
influenced by humic acid and maximum ionic dissolution was observed in the presence
of humic substances as shown in Figure 2.2. This behavior also results in the decrease

of zeta potential values (Han et al., 2014). Several other factors such as NMs

19



concentration (Hoffmann et al., 1995) and UV- radiation also impose greater effect

on oxidative dissolution and aggregation (Yu et al., 2013) behavior of NMs.

Figure 2.2: Effect of Humic acid on the aggregation, dissolution, and release of ionic
Zn(Il) from ZnONPs (Han et al., 2014).

Figure 2.3: Transformation pathways of AgNPs in aquatic ecosystem under the
influence of sunlight and dissolved natural organic matter (Yu et al., 2013).
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Another research group (Yu et al., 2013) proposed the three stage pathway for the
transformation of AgNPs. According to this study, the UV-light from sun induces the
aggregation of AgNPs resulting in the larger particle symmetry, self-assembly, and
particle fusion processes. In addition, sunlight through oxidative reductive mechanisms
stimulated the dissolution of AgNPs into the aquatic stream which is considered
to be the major toxicity related to any metal based NMs. These dissolved ions then
may adsorb on the surface of dissolved organic species resulting in the reconstitution
of smaller particles which cross-linked together to form coarse aggregates as shown

from Figure 2.3.

Several studies revealed that, dissolution is one of the main causes that control the
behavior of NMs in an aqueous system. Dissolution mainly occurs through oxidation
of metal based NMs and release of ionic metal into the solution. Various studies
showed that size of NMs have a dominant effect on the dissolution behavior in natural
water (Liu et al., 2010b). Previously, it was reported that the dissolution is effected by
NMs surface coating as well as pH, dissolved oxygen content and ionic composition of
water (Levard et al., 2012; Li et al., 2011c). Previous report suggested that the higher
dissolution of both PVP and SiO> coated AgNPs in acid pond water and sea water as
0.7-4% and 7-12% respectively. However, after 15 days the dissolved Ag fraction
was lowered from the start of the experiment. Suggesting that, the stabilized Ag
species such as AgCl is not dissolved in ionic species but most likely precipitated as

AgCl(s) (Quik et al., 2014).

Aggregation is another phenomenon which control the dissolution rate in natural
water systems. A previous study revealed that, citrate-coated AgNPs formed
diversified large aggregates when mixed with natural water shortly due to
precipitation and complexation. Whereas, tween-coated AgNPs were stabilized for

longer time period in natural water without aggregation, suggesting these particles
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will persist longer than unstabilized particles and thus will release more Ag (Li et
al., 2011c). However, there are several other factors such as, surface modification,
biotransformation and presence of natural ligands which assist the dissolution,
aggregation or precipitation and bioavailability of NMs in natural water system

(Gondikas et al., 2012).

In previous report (Fu et al., 2014), determined the transformation and destabilization
of graphene oxide (GO) nanoparticles in a natural reducing environment containing
sulfides. They found that in the concentration of sulfide as low as 0.5 mM, the GO were
significantly destabilized by the reduction of oxygen-containing groups at the surface.
Whereas, in the presence of humic acid, GO became stabilized due to steric hindrance.
GO is adsorbed at the surface of humic acid through electrostatic interaction and
through m-m stacking interactions. These interactions significantly blocked the GO

oxygen-containing groups at the surface and inhibited the oxidation-reduction process.

To assess the aqueous mobility of GO more precisely, a researcher (Ren et al., 2014),
studied the effect of Al2O3 on the aggregation and deposition of GO. According to the
results obtained from this study, the aggregation of GO by dissolved Al,O3 depends on
the ionic strength as well as the pH of the solution. The study showed that the GO
became destabilized in the high concentration of metal chlorides due to effective charge
screening, whereas the presence of poly (acrylic acid) or NaH2POj4 increased the pH of
the solution and stabilized the GO, either by electrostatic interaction or by steric
repulsion. Therefore, the presence of abundant electrolytes and dissolved organic
species in the natural aquatic environment could effectively alter the behavior of GO
and these exacerbates must be taken into account while determining the crucial insights

of toxicity.
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Furthermore, several studies have reported to support GO as a degradable material
through photo-Fenton degradation; however, the toxicity of their degradable products
such as polycyclic aromatic hydrocarbons may have toxicological implications to
human and to the environment (Bai et al., 2014). GO in the form of nanocomposites are
widely used in sensor technology (Li et al., 2014; Xue et al., 2014). Generally, metals
nanoparticles combine on the surface of graphene materials to achieve higher reactivity.
However, these composites are much more lethal than the individual metal
nanoparticles and can cause greater cytotoxicity when introduced internally into the

cells.

Dissolved natural organic matter (NOM) is another important factor that control the
behavior of NMs. A research group (Wang et al., 2016b) summarized the effect of

interactions between NMs and NOM (Figure 2.4).
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Figure 2.4: Effects of NOM on the surface properties of NMs (Wang et al., 2016b).
They found that, the main environmental processes influenced by NOM are

adsorption, stabilization/aggregation, dissolution and surface transformation of NMs.
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The adsorption or desorption properties of NMs are depend upon the nature of NOM.
NMs interacted with NOM resulted in surface adsorption, dissolution and surface
modification of NMs. For soluble NMs, their dissolution was generally promoted by
interactinn with NOM although dissolution suppression was also reported. Besides
dissolution, surface stabilization by NOM coating at the surface and aggregation of
NMs are other two main surface transformation can occur on the NMs surface in the
presence of NOM. Therefore, it was concluded that NOM can alter the behavior of NMs
through changing surface properties and leads to the unknown electrostatic interactions

and steric repulsion between NMs and environmental objects.

Despite number of studies on the NMs-NOM interaction, research gape still exist in
most of the important areas (Wang et al., 2016b). The results obtained from the number
of pionering studies on the NMs-NOM interaction are unable to directly explain the
environmental process on large-scale aquatic system. Althouth methamatical models are
powerful tools for explaining these interactions however, to date these methamatical
models are less accurate due to lack of available data. These data includes attachment
efficiency, dissolution rate which can well predict the behavior of NMs under complex

conditions.

Most of the interaction studies are conducted under laboratory conditions which are
far away from reflecting the actual scenario in natural environment. Transformation of
NMs is another factor which influence the nature of NMs-NOM interactions and
thereby making it harder to understand these interactions and their long-term
environmental impact. Up to now, number of studies are seeking to clearify the specific
mechanism altering the behavior of NMs nonetheless, the relationship between NOM

mediated NMs toxicity has not been clearly understood.
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The overall factors highlighted in this literature review are summarized in Scheme
2.1, which control the transport behavior of NMs in natural aqueous system. Altogether,
up to the point of view of NMs behavior, the summarized data represent that the
physicochemical properties, shape, size, surface charge and stability coating immensely
control the dissolution, ionic release and aggregation behavior of NMs. Additionally,
the environmental properties and solution chemistry such as pH, temperature, ionic
strength, UV light, and dissolved total suspended materials drives mobility and control
the behavior of NMs. Overall, these materials through dissolution released ionic species,

which showed a spontaneous major source of damage to aqueous ecosystem.

The concentration of NMs also dictates and controls its behavior in a natural
environment; therefore studies should be conducted using realistic environmental
concentration. Kinetics is also an important parameter, and should be taken into
account in NMs behavior studies in order to ascertain aggregation and dissolution

behavior up to a longer exposure period.
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Scheme 2.1: Factors effecting the transport of NMs in the natural aqueous

environemnt

2.2.3 Saturated Porous Media

The transport behavior of NMs in saturated porous media depends on the attachment
or retention abilities of NMs. Though there are several other factors which influence the
transport of NMs. Recently, Goldberg and co-workers (Goldberg et al., 2017)
investigated the factors that control the verticle transport in saturated porous media.
Catagorically, these factors are divided into two classes i.e., non-exponential (particle
interaction, surface charge and mass influent) and exponential factors (aspect ratios,
particle attraction condition and influent mass) that control the retention and transport

(Figure 2.5).
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Figure 2.5: Factors influence the NMs transport in saturated porous media

The aspect ratio is the height of the transport column divided by the column diameter

whereas, mass influent is the effect of mass or concentration of NMs passing through
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the column. In another latest report (Wang et al., 2016a) the authors summarized the
key findings from previous investigation and concluded that NMs transport in porous
media is controlled by the combination of various factors related to the physical and

chemical properties of the nanoparticle, nature of flow medium and flow rate.

The properties of NMs such as particles size, shape, surface charge, particles
concentration have strong influences on the transport of NMs in porous media
(Raychoudhury et al., 2012). None the less, the amount of studies on how particle shape
affects NMs transport in porous media is far from adequate (Knappenberger et al.,
2015). Previous reports suggested higher retention of rod-shaped particles than spherical
particles in column experiments (Salerno et al., 2006). On the contrary, different result
was observed by another research group (Liu et al., 2010c) who compared transport of
spherical and rod-shaped microspheres. They observed less retention of rod-shaped
colloids compared to spherical particles which was explained by preferential alignment

of the rod-shaped colloids along the flow field.

These contradictory investigations revealed that the knowledge of the role of particle
shape also plays on the transport of NMs in porous media is very limited and therefore
needs further investigations (Wang et al., 2016a). Furthermore, the nature of porous
media (i.e., solid-water, air-water, and air-water-solid interfaces) medium type such as
glass beads, sand, grabbed soils and quartz sands) also affects NMs transport. In
addition to this, the grain size of porous media (Garner et al., 2014), surface roughness,
grain surface charge and moisture content due to ‘saturated’ (means all soil pores are
fully filled with water) or ‘unsaturated’ soil means that the air phase exits in the soil
pores (Figure 2.6) may introduce additional mechanisms of NMs retention and transport

in porous media (Chen et al., 2010).
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Some other factors include medium flow direction, flow velocity, medium pH, and

medium ionic composition (Sharma et al., 2014).
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Figure 2.6: NMs transport in unsaturated porous media (Torkzaban et al., 2008).

2.3 Techniques Monitoring NMs Transport Behavior

There are several different techniques in monitoring the transport of NMs (Table 2.1)
but many suffers with the inaccurate identification, quantification and matrix effect

limitations.

In addition to other monitoring techniques; one of the most widespread detection
technique for the identification, quantification and elemental characterization of NMs is
ICP-MS. Taking advantages of the sensitivity robustness and low detection limit (up to
pg g ! with a wide dynamic range up to 9 orders of magnitude) this technique is widely
utilized in monitoring the transport of NMs in to the different medium. Additionally,

ICP-MS is independent of the virtual matrix effect (Costa-Fernandez et al., 2016).

A very important aspect of increasing utilization of this technique is that, it is not
only enables a reliable elemental characterization of NMs, but it also provides a
valuable information to quantify the release of ions from NMs. This parameter is of

great importance in determining the transformation of NMs, such as dissolution, ionic
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release and to investigate the cytotoxicity produced due to uptake of NMs up to the

cellular level (Caballero-Diaz et al., 2013).

Table 2.1: Techniques monitoring the transport of NMs.

Techniques

Nanomaterials Medium Limitations References
no Employed
Tracking particles
should be spherical in
. shape.
Gold and Nanqp article . Smaller particles (Luo et al.,
I. . tracking system Sediment-water .
magnetite NMs (NTA) appears dimmed or 2017)
neglected due to light
scattering by large
particles
High negative charge
- density limits the
2. Silica . ICP-OES Porous media transport of Si-NPs (Zeng etal,,
nanoparticles . 2017)
due to electrostatic
repulsion.
Use of UV—vis
Spectrophotometer is
. UV-Vis water-saturated hm.lte.d tO.mOIlltOI’ the (Wang et al.,
Graphene oxide . variation in the
3. Spectrophotometer | porous media 2017)
absorbance of
colloidal or
suspended species
TiO,NPs Environmental Detection limit for (Vidmar et
4. SP-ICP-N waters. NP diameter is 37 nm | al., 2017)
flame atomic Absorbance (Tannone et
5. Fe;04 absorbance Plant misleading by
al., 2016)
spectrometry refractory elements
Partially
Au/Ag-NPs
’ saturated sand (Yecheskel
6. ZnO-NPs 1§P-M3 columns ) etal., 2016)
Particle tracking water-saturated
7. . surface-charge- (Naftaly et
AuNPs, AgNPs | method medium dependent transport al., 2016)
Gold nano- I .
3 spheres, single- | UV_Vis satur.ated porous | Limited to monitor (Afrooz et
media the concentration of
walled carbon spectrophotometer . al., 2016)
colloidal NPs
nanotubes
2.4 NMs Mobilization into the Plants

Another important feature in determining the behavior of NMs is the transport or

mobilization of NMs into the living object such as plants. Recent investigations

revealed that, NMs due to extensive utilization and components of numerous consumer

goods and industrial products have the potential for high environmental build up and
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finally disposed of in the natural aqueous system. After disposal, NMs may
transport to plant life cycle and affect the plants differently at the physiological,
biochemical, nutritional, and genetic levels. The toxicity threshold of NMs varies
from one plant species to another. These toxicity responses to NMs are driven by a
series of factors, including the NMs characteristics, plants species (Figure 2.7), and
environmental conditions. However, a complete understanding of the dynamics of

interactions between plants and NMs is not clear enough yet.

Figure 2.7: General trends of effects for NMs in plant growth. The contradictory
responses have been detected (two colors in the same box), denoting that their effects
depend on the specific kind of ENM, their concentration, and the plant species
(Zuverza-Mena et al., 2017).

A good understanding of the interactions between NMs and plant systems is of
paramount importance for assessing the toxicity and their possible tropic transport
(Gardea-Torresdey et al., 2014). The properties that make NMs unique could adversely

affect plants or favorably transform into good agriculture production. However, the
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literature provides diverse, and often contradictory, results on the plant responses to
NMs exposure. For example, (Mukherjee et al., 2014) and (Wang et al., 2013b)
studied the transport of ZnONPs into the green peas and cowpea plants respectively.
They found that ZnO was largely accumulated into the root tissues in a concentration-
dependent manner. This accumulation was resulted in the generation of oxidative

stress, and reduction in the physiological activities of plants.

Metal based NMs particularly metal oxides, due to their unique characteristics
anticipated increased NMs utilization that prone to produce detrimental effects upon
intentional or accidental release into the environment (Nel et al., 2006). In
phytotoxicological investigations, several studies revealed that the interactions
potentially depend upon the composition, shape, surface area and charge of NMs and
plant anatomy (George et al., 2009; Ma et al., 2010; Moussa et al., 2016; Nordmann et
al., 2015; Soni et al., 2015; Wang et al., 2014) .In comparison with other metal oxides,
zinc oxide (ZnO) and titanium dioxide (TiO2) nanoparticles are widely used due to
their superior electrical, catalytic and light absorption capacity. Though, uptake,
translocation and toxicity of ZnO and TiO: into the plants were studied previously.
Nonetheless, the knowledge gaps in physiological and biochemical effects still exist in
investigation of the effect of different metal oxides on same plant species under
identical conditions. Furthermore, very little research is documented to encounter the

impact of negatively charged metal oxides on plant growth stimulation or inhibition.

The behaviors and combined toxicity of metal oxides mixtures are rarely studied.
However, results from a limited number of pioneering studies suggest that the toxic
potential of metal oxides mixture are distinct from those of individual counterparts
(Tong et al., 2015). In addition, there are no reports exist so far which deals with the

comparative physiological and biochemical study using two negatively charged metal
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oxides both in single versus mixture approach. In determining the physiological and
biochemical impacts of NMs, another important aspect which is poorly understood in
general is the kinetic evaluation of the NMs uptake into the plant tissues. As kinetics
data observed how NMs are taken up into the plants and describe well about the short-

term and mid-term uptake and distribution of NMs in plants.

The physiological impact of AgNPs to plant germination and growth extensively
studies by several research groups (Nair et al., 2014; Thuesombat et al., 2014;
Vannini et al., 2014) investigated the effect of different concentration of AgNPs on
the germination of Triticum aestivum L. seedlings. They observed that AgNPs
adversely effect on the seedling growth and causes modification of root tip cells due
to alteration in several protein expressions. TEM analysis shows that this alteration is
mainly due to the dissolved Ag" from AgNPs. A research group (Frazier et al., 2014),
investigated the effect of TiO.NPs uptake on the growth, development and RNA
expression of the tobacco plant (Nicotiana tabacum). The study found that
synchronous increase in the exposure concentration of TiO2NPs significantly inhibits
germination rates, retard root length and biomasses of tobacco seedlings on 3-weeks
exposure. Moreover prolonged TiO2NPs exposure also influences the gene expression
profile of micro RNAs that play an important role in plant development and tolerance
to environmental stresses. TiO2 NMs create interferences in root cell wall water
uptake, generate oxidative stress and cause lipid peroxidation of tobacco cell

membrane.

The previous study (Castiglione et al., 2014) determines the toxicity of TiO2NPs on
Vicia Narbonensis L seed germination. In this study seeds were exposed to different
concentration of nanoparticles for 72 hours under environmental conditions. After 3

days treatment, the roots were collected for toxicological studies. They found that
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phytotoxic activity of TiO2NPs was due to the ROS production which resulted in

DNA fragmentation through induced oxidative stress in the root apex.

Another group (Anjum et al., 2014) investigated the potential impact of
graphene oxide nanoparticles (GONPs) in germination of faba bean (Vicia faba L).
In this study they investigated effect of different concentrations of GONPs on the
germination potential of faba been seedlings. Results revealed that GONPs,
significantly inhibits the growth rate and activity of stress controlling enzymes
through electrolyte leakage. In contrast, another study (Wang et al., 2014) determine
the toxicity and translocation of GONPs both under normal and stress condition in
Arabidopsis plants. They found that exposure of GONPs for 4 weeks did not produce
any adverse effect in plant growth. However, GONPs under drought stress or salt
concentration in the presence of PEG 6000 (20%) and NaCl (200mM) resulted in

reduced root length.

A group (Larue et al., 2014) investigated the frightening internalization of AgNPs
after exposure into the crop Lactuca sativa which retained into the leaves even after
thorough washing with acidified water. During this study, they found that AgNPs
effectively entrapped into the lettuce leaves through stomatal and cuticular
penetration, diffused into the leaf tissues and form a complex with thiol-containing

molecules after oxidation of AgNPs at the surface.

Therefore, knowing these facts the toxicity of these altered crops is
questionable when exposed to human, although little is documented about the human
toxicity by consumption of NMs particularly metal based NMs exposed crops.
However, dissolution bioaccumulation and complexation via binding affinity may
cause DNA damage or alteration in gene expression through inhibitory effect on DNA

replication (Li et al., 2013). The literature from the physiological impacts and
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mobilization of NMs into the plant species revealed that, the impact of NMs
internalization is largely depending on the NMs characteristics and varied from one
plant species to another. Though there is a lack of knowledge base in determining the
effect of different NMs on a similar plant species under similar experimental
conditions. Furthermore, there is still need in determining the kinetic uptake and
physiological impacts of NMs up to the longer time period in order to investigate the

reversal of NMs toxicological effects due to certain plant biological activities.

2.4.1 Factors Affecting the NMs Mobilization in Plants

Several studies revealed that the toxicity of NMs in plants is based on the plant-
NMs physicochemical interaction resulting in the development of phytotoxicological
effects on plant growth. There are several principle factors which influenced the
interaction of NMs to plants. The main factors are concentration, size, shape, surface
charge, surface area and stability of NMs. As Figure 2.7 represents, several factors
such as NMs shape, size and surface properties dictates the toxicity response to plant
growth. However, the effect of these properties varied from one plant species to
another. Some other factors include the plant species, plant life cycle, NMs

concentration and exposure period and growth media.

The corresponding size of the seeds also play fundamental role in describing
the interaction with NMs. For example, single-walled carbon nanotubes display higher
toxic effects in small-seeded than large-seeded species because of surface to volume
ratio (Canas et al., 2008). Likewise, the smaller size of NMs is believed to cause higher
plant toxicity than larger sized NMs. Another study manifested that small sized (0.6-2
nm) silver colloid showed more toxicity in flax, barley and ryegrass than 5 nm and 20
nm silver nanocolloids (El-Temsah et al., 2012). Another major factor that affects the

toxicity is the concentration of NMs. For example, ZnONPs at concentration of 1000
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mg/L, caused the death of almost all the tissues of ryegrass root tip (Lin et al.,
2008b). Similarly, in another study Nair & Chung suggested that silver
nanoparticles at as minimum concentration as Img/L, caused significant
physiological and molecular level stress resulting in reduced root growth and root apex
death. For instance, most the previous phytotoxicity in plants species reported with
higher a concentration, (Lopez-Moreno et al., 2010) that may not be realistic than
real environment. Therefore, studies with more realistic NMs concentration are needed
at this time. Further, these studies should be conducted for longer exposure period
to investigate if plants after sometimes recovered from the initial toxicity exhibited
by NMs. The effects of NMs thus vary from one plant species to another, the types
of NMs, concentration, size, and exposure period also effect in determining the

toxicity of NMs.

2.4.2 Techniques Monitoring NMs Mobilization to Plant

There are several different techniques monitoring the mobilization of NMs into the
plants like ICP-MS, ICP/OES, flame atomic absorbance spectrometry and X-ray
absorption, and X-ray fluorescence (XRF) techniques. Recently a research groups (Ma
et al., 2017; Vinkovic et al., 2017) described the transport and distribution of cerium
oxide (Ce0O.) and silver nanoparticles (AgNPs) in cucumber and pepper plant tissues,
respectively and metal uptake were quantified by ICP-MS, transmission electron
microscope (TEM), X-ray absorption, and X-ray fluorescence (XRF) techniques.
Similarly, in another study (Dan et al.,, 2016) investigated the plant uptake and
accumulation of CeO: nanoparticles into four crop species by single particle ICP-MS
method. Several other techniques like flame atomic absorbance spectrometry are also
utilized for the determination of NMs transportation into the plants. For example, a

group (Lannone et al.,, 2016) quantifies the transport and mobilization of iron
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nanoparticles in wheat (Triticum aestivum L.) development by flame atomic absorbance
spectrometry. ICP/OES is another reported technique (Lopez-Moreno et al., 2017) for
the evaluation of ZnO nanoparticles on corn seedlings. However, in obove all
mentioned techniques, the ICP-MS is the most utilized technique for the determination
and quantification of metal uptake into the plants tissues because of its sensitivity

robustness and low detection limit as discussed in section 2.3.

2.5 Remediation of NMs

With the continuously growing number of products containing NMs, the
environmental release of NMs during production, use, and end-of-life becomes
inevitable. Owing to its vast industrial utilization and disposal, NMs has been
recognized as a source of pollution in the natural aquatic system. Despite of the well
documented toxicity of metal based NMs such as zinc, titanium and silver NMs; they
are actively used in various industries and discharged into water bodies (Nam et al.,
2014). In present time, NMs pollutants are highly observable even at low
concentrations. In which most of them are very stable towards biodegradation, sunlight
exposure and naturally occurring oxidizing agents; thus creating a potential danger for
(ecological and health problems) irrigation, drinking and agricultural purposes.
Therefore, removal of NMs contaminants from natural water prior to their utilization is

necessary through the development of eco-friendly, cost effective removal techniques.

In the present era of scarcity of water resources, effective treatment or NMs
pollutant remediation is proved to be a major prerequisite for a growing economy
(Adeleye et al., 2016). It is critical to develop and implement advanced treatment
technologies with high efficiency and low capital requirements and time consumption.
Among the various treatments (Sarkka et al., 2015; Zimoch et al., 2014), recent

advanced processes in nano-material sciences have been attracting the attention of
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scientists. Figure 2.8, represents the present methodologies used for the pollutant
removal from the aqueous environment. However, most of these methodologies
suffered from high operation and maintenance cost, high energy requirement, toxic
degradation products and also sometimes offers incomplete removal. Therefore, in the
above context, there is a real requirement for more efficient and powerful technologies

for natural water treatment.

Remediation Methods

.

Membrane Filtration

Oxidation-Reduction

¥

Photo-degradation

4

4

[ Use of Activated carbon ]

Figure 2.8: The presented methodologies used for the remediation of pollutants from
the aqueous environment.

Nanotechnology has been cited in different literatures, as one of the most advanced
processes for water treatment. Based on the nature of NMs, these materials are
categorized into three main classes. Nano-membranes (1), nano-catalysts (2) and nano-
adsorbents (3). Nano- membranes are extensively used in wastewater treatment process
in which the pressure driven treatment has been proved ideal for improving water
quality (Rao, 2014). In the second class, mostly metal oxides or semiconductors have

gained considerable attention. Different types of nano-catalysts are employed for the
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pollutant removal through electrocatalysts, Fenton reaction based catalyst and

oxidative-reductive catalysts (Dutta et al., 2014; Kurian et al., 2015; Ma et al., 2015a).

In a nano-adsorption technology, numerous and effective works have been
published recently with the aim to investigate the removal of pollutants using nano-
adsorbent. Nano-adsorbents are broadly classified into various groups based on their
role in the adsorption process. It includes metal based nanoparticles, nano-structured
mixed oxides, magnetic nanoparticles and metal oxide nanoparticles. Moreover,
various types of silicon nano-material are also used as nano-adsorbents such as silicon

nanotubes, silicon nanoparticles and silicon nano-sheets.

Various technologies such as ion exchange, membrane filtration, electrolytic
removal and reduction have been reported for the removal of NMs. But these
technologies suffer several disadvantages of high operation and maintenance cost, high
energy requirement or incomplete removal. Thus, to prevent deteriorating surface water
quality there is a need for exploring alternative remediation techniques for efficient
NMs removal even at low aqueous concentrations (Ruparelia et al., 2008). Many
kinds of adsorbent materials such as carbon based materials (Pattanayak et al., 2000)
zeolite, cyclodextin (Badruddoza et al., 2013), and chitosan (Vunain et al., 2016) have
been employed for the NMs removal purposes. However, none or very few studies
focus on the removal of NMs from the natural water system. Since the natural water
contains various kinds of interfering materials which may collectively pose inhibitory

effects on the effectiveness of removal processes.

In present time silica based materials has been actively incorporated into various
fields of applied and health sciences because of its nontoxic (Xia et al., 2009),
thermally stable (De Matteis et al., 2015), optically transparent (Shi et al., 1997),

biocompatible (Catauro et al., 2015), chemically inert (Ide et al., 2015) and well-
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known surface properties (Mhamane et al., 2016). These properties of silica-based
materials made them a good candidate for various biological, catalytical and
environmental applications. The use of silica confers great stability to the nanoparticles
dispersion against changing of pH and concentration of electrolytes (Mulvaney et al.,
2000). Additionally, the incorporation of iron oxides increases the removal efficiency
by increasing the surface area (Ponder et al., 2001). A research group (Zhang et al.,
2016b) synthesized monodispersed hollow aluminosilica microspheres for the removal
of methylene blue and Congo red from aqueous solution with maximum adsorption

capacities of 87.80 mg/g and 252.53 mg/g respectively.

In addition, a research group (Bao et al., 2017), synthesized mercaptoamine-
functionalised silica-coated magnetic nanoparticles for the removal of mercury and lead
ions from wastewater. The basic mechanism for metal ions removal was based on
sorption phenomenon which likely occurred by chelation of the amine group and ion
exchange between heavy metal ions and thiol functional groups of the nanoadsorbent.
The underlying method displayed maximum adsorption capacities for mercury and lead
ions were 355 and 292 mg/g, respectively. Similarly, in another study (Bao et al., 2016),
they demonstrated that, the selective removal of zinc(Il) ions with amino-functionalized
magnetic silica nano-adsorbent. The adsorbent was synthesized by solvothermal method

which showed maximum removal efficiency for zinc(Il) ions as 69.5 mg/g.

However, the proposed method suffers from complex and time consuming
methodology for the synthesis of nano adsorbent. Furthermore, the synthesized
adsorbent can be utilized within the pH values of 1-5 which limits its utilization for

zinc(Il) removal from natural water with a pH range from 5-7.

In other research reports Nithya and Yao et al, described the removal of Cr(VI) ions

from aqueous solution using silica nanocomposites (Nithya et al., 2016; Yao et al.,
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2016). All these studies suggested that the excellent adsorbent properties of silica

micro/nano composites in combination with the unique porous structures, making them

an ideal candidate for natural and wastewater treatment. Table 2.2, represented the

summarized data of some adsorbents previously synthesized for the remediation of

metals and organic pollutants.

Table 2.2: Reported adsorbents used for the remediation of metals and organic

pollutants.
S Svnthetic Size of Removal
: Adsorbent Type M Adsorben Adsorbate Efficiency References
No Method
t (nm) (mg/g, mg/L)
Silica Silanization (Yuetal,
! Microparticles method 1.2 pm He(I) 185 mg/g 2012)
5 Aluminosilica thrrginsgis 1 um Methyleneblue 87 f;ld/ 252 (Zhang et al.,
Microsphere yaroty K and Congo red &g 2016b)
method respectively
DNA-Chitosen Electrostatic Fullerene,nanot- 1.9, 26, and (Zinchenko et
3 complex complexation ) ubes, and 20 mg/L al., 2013)
P P AUNPs respectively ’
B-Cyclodextrin Electrospinning (Zhao et al.,
4 Nanofiber technique ) Methylencblue 826 mg/g 2015)
5 hIi\i:lr/elt\fcgh/ilz;l Hydrothermal 23 um Congo red and 1215 (;)3’ an (Leietal.,
; method K Cr(IV) ; 2017)
materials respectively
Fe/Si0O2-NH> (Yaoetal,,
6 hollow sphere Stober method 950 nm Cr(IV) 8 mg/L 2016)
BioifigpircN- (Venkateswarl
7 carbon/Fe304 Pyrolysis 11-20 nm AS(III) 57 mg/g
. uetal., 2016)
nanocomposite
Oxidation and
EDTA-Graphene . . (Madadrang et
Q oxide composite silylation ) Pb(ID 479 me/g al., 2012)
process
Mercaptoamine-
fup .ctlonallsed Co-precipitation Hg(II) and Pb 355 and (Bao et al.,
9 silica-coated 13.6 nm 292 mg/g
. methods (1) . 2017)
magnetic nano- respectively
adsorbents
. Refluxing and .
Multiwalled LS (Gatabi et al.,
10 carbon nanotubes Co—;r)rrlz;ﬁ))gesltlon 14 nm Cd(1n 87.81 mg/g 2016)
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Quercetin Chemical (Satheesh et
11 modified a-Fe2Os3 impregnation - Congo red 427.35 mg/g
. al., 2016)
nanoparticles method
Amino-
functionalized
. solvothermal (Bao et al.,
12 F6304@5102 method 80 nm Zn(1I) 169.5 mg/g 2016)
magnetic nano-
adsorbent
. s 19.61
13 Iron-oxide Precipitation 19.9 nm Cu(Il) and and 47.62 (Tamez et al.,
Nanoparticles method ' Pb(ID) : 2016)
mg/g
Superparamagneti
14 ¢ maghemite (y- Flame Spray 15.7 nm Pb(II) and 69;?;1 34 (Rajput et al.,
Fe203) Pyrolysis : Cu(Il) ge 2017)
; respectively
nanoparticles
Thiol- . 38.12, 66.04,
|5 | functionaliced | EiiPOTIIon ) Cljill()f)le)rfcIII), 92.08 and (Wu etal.,
MCM-41 & 13.84 mg/g 2010)
. assembly Cr(1II) .
mesoporous silica respectively
Magnetic Iron Teflon-scaled Methylene blue 44.38 and (Zhang et al.,
16 . autoclave 250 nm 11.22 mg/g
nanoparticles and Congo red . 2011)
method respectively
. Thermo
Magnetite o (zhu et al.,
17 nanorods decomposition 22 nm Cr(III) 1 mg/g 2011)
method
127,113
Fe(II), Pb(I), e o
Magnetite Pulsed current | g0 1099 | znamy, Nin), | 1079588 ,
18 electrochemical and (Karami, 2013)
nanorods nm Cd(II) and -
method 76 mg g
Cu(ID) .
respectively
19 Iomc;ll;yr?;gglﬁed Condensation 15 nm As(V) and 35 50 .25n?n/d (Badruddoza
gnetie reaction Cr(VI) - mgs etal., 2013)
nanomaterials respectively
. Carbonization .
Sulphurised (Krishnan et
20 activated carbon an.d . . Zn(II) 147 mg/g al., 2016)
sulphurization
Silica gel
modified with .
21 2,4.6- Reflux - Ag(Il) 038 mgg | (Madrakianet
. . al., 2006)
trimorpholino-
1,3,5-triazin
Silica Hydrothermal (Egodawatte
22 nanocomposites method 200 nm Cr(I) 3744 me/g et al., 2015)
Multi-carboxyl- Surface eraftin Cu(II), Cd(1D), 47.07,41.48,
23 functionalized meﬂi P & - Ni (II) and 30.80and | (Lietal., 2014)
silica gel Zn(1I) 39.96 mg/g
157.8, 138.8
24 mI:lErll_egtfgfrtlZio Co-precipitation 500-800 Cu(II), Zn(II) and (Pang et al.,
iowder method nm and Cd(II) 105.2 mg/g 2011)

respectively
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For the remediation purposes several technologies has already been developed for
the removal of organic and metal pollutants in which nano-based materials was found
to be efficient, cost effective and with low capital requirement and time consumption.
However, new eco-friendly remediation techniques are required for fast and efficient

NMs removal process in the natural aqueous medium.

2.5.1 Factors Affecting Remediation Process

Factors controlling the properties of nano-adsorbents are size, surface chemistry,
agglomeration state, shape and fractional dimension, chemical composition, and
solubility (Bao et al., 2017; Zhang et al., 2016d). The concentration of adsorbate is
another factor which describes the effectiveness of the remediation process. For
instance, a study revealed that the adsorption of Cr(VI) decreases as the initial
concentration increases. Whereas, at lowest concentration maximum adsorption was

observed (Fu et al., 2017).

Contact time is also an important factor in adsorption process. Earlier adsorption
report for the removal of Cu(Il) and Zn(Il) revealed that the adsorption of metal ions
was fast during the initial contact time of 30 min with 97.5% to 90% removal
respectively (Salam et al., 2011). In Addition, another study demonstrated that
particle size of the adsorbent and reaction temperature also affects the remediation
process. For example a group (Ali et al., 2016) studied the effect peanut hulls size
on the removal efficiency, they found that smallest peanut hulls has the highest Cu%

removal then the larger particle size.

This effect was apparent due to increased surface area of peanut hulls which
facilitates higher adsorptive active sites for Cu adsorption. They also studied the effect

of reaction temperature on adsorption process and found that, for this particular type
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of adsorbent the removal efficiency increases from 83% to 87% as the temperature
of the reaction mixture increases from 25-65 °C. In conclusion, all these factors are
significant and need to be demonstrated in designing any effective

remediation technique for the removal of metal and non-metal pollutant.

2.5.2 Techniques Used to Monitor Remediation Process

There are various techniques used to monitoring the remediation process. For
instance; a groups of researchers (Bagbi et al., 2017; Sleiman et al., 2017) established a
removal of lead and phosphate using zero valent iron (ZVI). The removal process was
monitored by Atomic absorption spectrometer and flame atomic absorption
spectroscopy (AAS) respectively. Similerly, in another study a research group (Razzaz
et al., 2016) described the removal of Pb(Il) and Cu(Il) ions by Chitosan nanofibers
functionalized by TiO> as adsorbent. The adsorbtion of metal ions was monitored by the

Inductively coupled plasma atomic emission spectrophotometer (ICP-AES).

In addition to above spectroscopic techniques, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was also used for determination of metal ion
concentration in water samples (Lingamdinne et al., 2017). Inductively coupled plasma
mass spectrometery (ICP-MS) is another very useful technique to determine the
dissolved concentration of metal ions with detection limits in a parts-per-billion or
subparts-per-billion (Rodriguez et al., 2016) after the completion of adsorption
experiments. The supernatent solution were collected, acidified and analyzed by ICP-

MS using reference material as standard.

2.6 Study Area and Geographical Input

The wvast industrialization, uncontrolled urbanization and rapid economic

development increase the pollution load around many cities into river system and

43



changes the water quality. In Malaysia one of the most important rivers is Klang River.
The approximate length of this river is 120 km and the total catchment area is about
1288 km?. The river have 11 main tributaries such as Sungai Batu, Sungai Gombak,
Sungai Ampang, Sungai Penchala which received high percentile of sewage discharge
from food, chemicals, semi-conductor and electrical industries, rubber processing and
palm oil processing discharges (Naji et al., 2010). Furthermore, agricultural activities
well as atmospheric fallout also increase the degree of river water pollution. The river
mainly flows through the whole city of Kuala Lumpur and eventually flows into the
straits of Malacca. In this research the river water samples from seven different
locations was selected based on the urbanization and population of the area.
Approximately more than 4.4 million people (16% of the national population) living
around this area (Naji et al.,, 2010). Therefore, it may act as better source of most
polluted natural water and act as a better candidate to study the mobilization and

removal of NMs.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

In this chapter, specific details of methodology for the synthesis of NMs, details of
characterization techniques, natural water sampling and processing, evaluation of NMs
transport behavior, metals uptake and mobilization into the plant and the remediation of
NMs were discussed. For remediation study, the synthesis of polymer modified
mesoporous silica iron microcubes, NMs adsorption, adsorption kinetics and adsorption
isotherm were elaborated. Figure 3.1, represented the framework for overall

methodology adopted in this research.

Figure 3.1: Frame work for methodology.
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3.2 Synthesis of NMs

In this research metal and carbon based NMs comprising of three metal and two
carbon based NMs were synthesized. In metal based NMs, polyethylene imine coated
silver nanoparticles (PEI@AgNPs) were newly synthesized in this research. Whereas,
polyethylene glycol coated zinc oxide nano-rods (PEG@ZnONRs) and titanium dioxide
nanoparticles (TiO2NPs) were synthesized by following previous published reports with
slight modifications (Pimentel et al., 2014; Brauer et al., 2014). For morphological
comparison of NMs, two zinc oxide structures i.e., zinc oxide nano-needles and zinc
oxide micro-flowers were also synthesized. Since the comparison of the effect of
morphology of metal based NMs has to stick to the similar metal and the mobility
behavior should be compared under similar experimental conditions. Therefore, to
investigate the role of morphology, zinc oxide nanoneedles (ZnONNs) and zinc
oxide microflowers (ZnOMFs) were also synthesized by following modified
published reports (Pimentel et al., 2014; Wahab et al., 2007a) and the mobility

pattern of all synthesized zinc oxide structures was compared.

Carbon based NMs including carbon nanoparticles and graphene oxide quantum dots
were synthesized by following earlier reports (Jahan et al., 2013; Tang et al., 2012). The
details of the synthesis of all metal and carbon based NMs are described below in
details. Recently, a growing research interest was developed in attachment of polymers
such as cationic polymer polyethylene imine (PEI) and anionic polymer polyethylene
glycol (PEG) and other hydrophilic polymers at the surface of NMs. The polymer
attachment at the surface not only minimizes the extent of particle aggregation by
providing stability, but also modified the aqueous mobility of NMs. Therefore, to
determine the impact of polymer surface coating in particle dissolution, aggregation and
mobilization, the synthesized silver and zinc NMs were surface functionalized with

cationic PEI and anionic PEG polymers. This imparts positive and negative surface
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potential to NMs, respectively in order to investigate the effect of surface charge on
mobility. While titanium dioxide NMs were kept polymer uncoated for comparison

study.

3.2.1 Synthesis of Metal based NMs
3.2.1.1 Synthesis of PEI Coated Silver Nanoparticles (PEI@AgNPs)

In a typical synthesis of PEI@AgNPs, AgNO3 (SmM): L-cysteine (0.112mg/ml): PEI
(500 pL into 5 ml of DW) was mixed in a molar ratio of [1: 0.008: 0.006]. Then freshly
prepared solution of NaBH4 (1x 10 M) was added to the reaction mixture. The mixture
was then heated and stirred at 75 °C and ~1100 rpm respectively. After 10 min, the
color of the solution becomes brown which correspond to the synthesis of polymer
coated silver nanoparticles PEI@AgNPs. The mixture was heated and stirred for further
2 hours for the maximum synthesis of monodispersed PEI@AgNPs. After synthesis, the
PEI@AgNPs solution was centrifuged (Thermo/Multifuge X3 FR ultracentrifugation) at
10,000 rpm for 15 minutes to remove unreacted precursors, washed twice with ethanol
and conductivity (Thermo Scientific Orion Star A112 conductivity meter) was measured

to ensure the removal of residual ions (Li et al., 2010).
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Figure 3.2: Optimization of PEI@AgNPs in presence of HCI at pH 3 (a), in absence of
PEI (b), in absence of L-cystine (c¢) and in presence of all reactants i.e., AgNO3+ L-

cystine+ PEI+ NaBHu(d).

The optimization of synthesized PEI@AgNPs was carried out in presence of HCI at

pH-3 (a), in absence of PEI (b), in absence of L-cystine (c) and in the presence all

reactants i.e., AgNOsz+L-cystine+PEI+NaBH4 (d) as represented in Figure 3.2. The best

particles were formed in presence of all reactants (d). The complete synthetic reaction

scheme of PEI@AgNPs is presented in Scheme 3.1.
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Scheme 3.1: Schematic representation for the synthesis of PEI@AgNPs.
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Figure 3.3: Effect of solution pH on synthesized PEI(@AgNPs.

After synthesis of PEI@AgNPs, the stability was determined under a wide range
of solution pH. As shown by Figure 3.3, the synthesized particles were quite stable at
pH range from 5-8. However, as the pH increases, the color of the solution of
PEI@AgNPs intensified due to cross-linking phenomenon among the silver

nanoparticles (discussed in detail in chapter 4).

3.2.1.2 Synthesis of Zinc Oxide Structures
Synthesis of PEG Coated Zinc Oxide Nano-rods (PEG@ZnONRS)
PEG@ZnONRs was synthesized by following published protocol by Pimentel et al.,
2014 with slight modifications. Briefly, 3.9 g of Zinc acetate dihydrate solution
(0.45M) in deionized water was mixed with NaOH solution (8 M). The continues

stirring of the solution yield a transparent Zn (OH)s solution. The mixture was
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allowed to cool down at room temperature then 5g of PEG in 90 ml of deionized
water (6.9 mM) was mixed with 12 ml of Zn (OH) 42. The resulting mixture was

heated hydrothermally at 100 °C for 5 h.

II:—_zlv =T =n
J |
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};’—'\ NaOH (8 M) [ PEG ,ff.ﬂ---m.‘w-.l
LS8 Yo — & B
o = L 100°C/5h @ 4
InAce. 2H:0 In (OH) 42 =8z PEG@ZnONRs

ZnAce.2H,0 + NaOH = Zn (OH)s 2+ NaAce
n {OH};{E % ZnQ + ZHED

Scheme 3.2: Schematic representation for the synthesis of PEG@ZnONRs

The white precipitates of PEG@ZnONRs were then washed several times with 2-
propanol and DW water and centrifuged at 4500 rpm for 10 min to remove

unreacted precursors. The complete schematic representation for the synthesis of

PEG@ZnONRs is presented in Scheme 3.2.

Synthesis of Zinc Oxide Micro-flowers (ZnOMFs)

ZnOMFs were synthesized following the same methodology as described in
synthesis of PEG@ZnONRs except variation in the heating temperature and time i.e.,
150 °C for 24 h. After synthesis the precipitates were washed as described in the

synthesis of PEG@ZnONRs.

Synthesis of Zinc Oxide Nano-needles (ZNONNSs)
In the synthesis of ZnONNs 0.1 M zinc acetate dihydrate dissolved in 25 ml of

deionized water was mixed drop wise with 8 M aqueous solution of sodium hydroxide
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(10 ml) while stirring it continuously. The stirring was continued for 15 min.
Subsequently, the resultant solution was transferred to sonication bath where it was
sonicated for 1 h. The white precipitate formed was filtered, washed with the methanol

and dried at room temperature.

3.2.1.3 Synthesis of Titanium dioxide Nanoparticles (TiO2NPs)

For the synthesis of TiO,NPs, reported methodology by Brauer et al., 2014 was
followed with slight modifications. Typically, 15ml of the titanium isopropoxide
solution was mixed with 10 ml of 2-propanol (solution A). In a beaker 100 ml chilled
deionized water was added and the pH was adjusted to ~3 with HCI (solution B).
Dropwise addition of solution A to solution B, with vigorous stirring at 1100 rpm,
produced white precipitates of TiO>NPs. The precipitates were washed several times
with deionized water and centrifuged at 4500 rpm for 15 min to remove unreacted

precursors. The overall process of TiO2NPs synthesis is presented in Scheme 3.3.

Titanium isopropoxide Ice chilled water
+
=+
2-Propanol HCl

&
T el

Solution A Solution B

Stirring 1100 RPM

White precipitates of Ti0:NPs

Scheme 3.3: Schematic representation for the synthesis of TiO2NPs.
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3.2.2 Synthesis of Carbon Based NMs
3.2.2.1 Synthesis of Carbon Nanoparticles (CNPs)
CNP was synthesized by following previous report by Jahan et al., 2013. Firstly,
0.0927 g of boric acid was dissolved in 15 mL of deionized water and then mixed with

0.025 g of N-(4-hydroxyphenyl) glycine at pH 9 (Scheme 3.4).

Scheme 3.4: Schematic representation for the synthesis of CNPs.

The mixture was then allowed to react hydrothermally with vigorous stirring at 6000
rpm at 300 °C for 2.5 h. The resulting dark brown solution of CNPs was dissolved in
deionized water, rinsed thoroughly with anhydrous ethanol and centrifuged at 5000
rpm for 15 min. The precipitate was then washed with deionized water several times to

remove adsorbed ethanol.

3.2.2.2 Synthesis of Graphene Oxide Quantum Dots (GOQDs)

GOQDs were synthesized by hydrothermal pyrolysis of sucrose molecules (Tang et
al., 2012) at 400 °C for four hours. Typically, 6 g of sucrose molecules were dissolved
in 10 ml of deionized water and the pH of the solution was adjusted to 9 by adding
sodium hydroxide (1M). The resulting mixture was heated hydrothermally producing a
pale yellow solution of GOQDs from colorless (Scheme 3.5). Subsequently, the
solution is allowed to dry in an oven at 100 °C to remove the water molecule and the
resulting product of GOQDs in powder form is stored at room temperature for further

characterization.
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Scheme 3.5: Graphical representation of the synthesis of GOQDs.

3.3 Characterization of NMs

3.3.1 Ultraviolet Visible Spectroscopy (UV-Vis)

All the synthesized metal and carbon based NMs were characterized by UV-visible
spectroscopy. The NMs samples were prepared in deionized water (2 ml total volume)
and deionized water was used as reference solution in reference cell. The spectra was
taken at fast scan rate; slit width =1, with spectral range between 200-700 nm. For all

the UV-visible investigations, SHIMADZU-3600 UV-VIS-NIR was used Figure 3.4a.

3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The synthesized NMs were also characterized by FTIR spectroscopy. The
synthesized NMs were dried properly into the powder form and FTIR spectra were
taken by placing 2 mg of sample into the sample holder. All the spectra were taken at
attenuated total reflectance (ATR) mode using Perkin Elmer Spectrum-400 instrument

(Figure 3.4b). Each spectrum was taken within the spectral range of 400-4000 cm™.
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Figure 3.4: The UV-Vis (a), and FTIR spectrophotometer (b).

3.3.3 Field Emission Scanning Electron Microscopy (FESEM)

For the surface structure characterizations, size and morphological investigations of
all synthesized NMs; FESEM technique was utilized by using FESEM, Hitachi-
SU8220 (Figure 3.5a). The sample was prepared by drying a drop of NMs solution into
the clean ITO thin film at conductive side and images were taken at bright field

detection mode.

For the FESEM analysis of plant tissues, the plant parts were cut into thin slice
using clean blade, dried on ITO thin film and images were taken using bright field

detection mode.

3.3.4 X-Ray Diffraction (XRD)

The phase identification of synthesized NMs was determined by X-ray powder
diffraction (XRD) technique. For XRD characterizations of synthesized NMs, 5 mg of

samples was used and powder XRD technique was employed at 20 °C with scan range
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between 5-80°. All spectra were taken by utilizing XRD, PANalytical-EMPYREAN

(Figure 3.5b).

Figure 3.5: Instruments used for FESEM (a), and XRD analysis (b).

3.3.5 Brunauer-Emmett-Teller (BET)

BET analysis is an important analytical technique which explains the physical
adsorption and desorption of gas molecules on a solid surface for the measurement of

the specific surface area of materials.

In this research the important informations about the synthesized mesoporous silica
adsorbent material was characterized by BET analyzer (Micromeritics ASAP2020)
Figure 3.6a to determine the surface area, pore size and pore diameter. For this purpose
10 mg of powder sample were placed into the sample holder and BET analysis were
performed. Nitrogen gas was used for adsorption and desorption property investigation

of synthesized mesoporous silica material.
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3.3.6 Particle Size and Zeta-Potential Analyzer

For the determination of particle size and zeta-potential, particle size analyzer in low

volume disposable cuvettes Malvern Nanosizer zn3600 was used (Figure 3.6b).

Figure 3.6: Brunauer-Emmett-Teller (a), and Zeta-potential analyzer (b).

1 ml sample solution was used in cuvette and surface charge and zeta-potential
values of all synthesized ENMs and adsorbent material was determined. Each sample
measurement was performed at least in a triplicate analysis and mean values were

recorded.

3.4 Instruments Used for NMs Transport and Mobilization

3.4.1 Ultracentrifugation

The centrifugation of all samples was carried out using Thermo/Multifuge X3 FR
ultracentrifugation (Figure 3.7a). The centrifugation of all the NMs samples used in
transport investigation was performed at least at 4000 rpm for 20-30 min depending
upon the centrifugation requirement. All centrifugation was performed in 10 ml

centrifuge tube.
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3.4.2 Conductivity Measurement

The conductivity of solution or the mobility of ions in sample was measured by

Thermo Scientific Orion Star A112 conductivity meter (Figure 3.7b).

Figure 3.7: Ultracentrifuge (a), and conductivity meter (b).

Conductivity measurements were used in this research to measure the ionic content
in a sample solution. Conductivity was measured in mS/cm which was directly linked to

the total dissolved ions.

3.4.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

For the determination of metal ion concentrations in sample solutions for transport
and mobilization investigations, ICP-MS, Agilent 7500-series (Figure 3.8a) was used
with limit of detection (LOD) of 0.05 ppb. Typically, 10 ml volume of each sample
was acidified using analytical grade HNOs (0.5 %) total volume and metal
concentration was determined using standard reference solution. The natural RW

dissolved metal ions concentration was investigated by diluting each sample 50 times,
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acidified with HNOs (0.5 %) and total metal ions concentrations were investigated by

ICP-MS analysis in ppm.

3.4.4 Ion Chromatography (IC)

Figure 3.8: ICP-MS (a) and IC spectrometer (b).

For the determination of various anions present in river water, ion chromatography
(86 Advance compact, IC) was used (Figure 3.8b). All the samples were filtered
through 0.2 mm pore size filter paper, diluted 50 times and pass through the ion

chromatographic column for the determination of respective anions.

3.5 Natural River Water Sampling and Processing

3.5.1 Pre-sampling Preparation

For the storage of water samples, 2L plastic bottles were first soaked in 10 % nitric
acid solution for at least 24 h. Then the bottles were washed thoroughly with distilled
water and dried at room temperature. All portable meters, pH meter (Orion Star A211),
dissolved oxygen meter (HANNA-SN 08257498, Europe), Van Dorn horizontal (KC-

Denmark) water sampler were calibrated before going to sampling location. Other
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sampling necessities GPS apparatus for the measurement of longitudes and latitudes of
sampling stations, distilled water, note book, gloves, face mask, lab coat, safety belts,

tagging taps for labeling, and tissue box were kept ready.

3.5.2 River Water Sampling and Preservation

River water (RW) samples were collected at seven different locations (n = 3)
between September and January 2015-2016 along Klang River (Figure 3.9). The RW
sampling was performed from the seven different locations in order to cover the
maximum change in water chemistry. Each sampling were performed in triplicate by
using Van Dorn horizontal (KC-Denmark) water sampler and stored in pre-cleaned 2L

plastic bottles. Each sample bottle were labeled and kept in an ice box.
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Figure 3.9: Study area and geographical locations of seven sampling stations in Klang
River

After collection of water samples, initial parameters such as pH, turbidity,
conductivity, temperature and total dissolved oxygen were measured using portable

meters which were already calibrated using calibration standard solutions.

As soon as the field work was completed, samples were stored in the hydrogeology
laboratory and preserved at 4 °C for future analysis. The samples were filtered through
Whatman No.1 filter paper into pre-cleaned volumetric flasks. The supernatants of each
fraction were analyzed for cations and anions determination using inductively coupled

plasma mass spectrometry (ICP-MS) and ion chromatography (IC).
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3.6 Water Analysis

3.6.1 Determination of Anions

Water samples collected from seven different locations of Klang River filtered
through Whatman No.l filter paper and was sent for ion chromatography-IC
(861Advanced Compact-Metrohm, Switzerland) for determination of anions. The
anions present in water samples such as chlorides (CI), fluorides (F"), sulfates (SO4>),
phosphate (PO4*), bromides (Br) and nitrates (NO3”) were analyzed. Typically total 2
mL volume of each sample was run for 15 min in IC instrument and concentration of
anions was obtained in the form of spectra. Multielement IC-standard solution (Sigma

Aldrich) was used from 5 mg/L to 30 mg/L for the detection of all listed anions.

3.6.2 Determination of Cations

For determination of cations in water samples, 10 mL of samples were first acidified
with nitric acid (5 % total volume), diluted up to 50 mL and analyzed using ICP-MS
(Agilent 7500ce-USA). The important cations present in water samples such as sodium
(Na"), potassium (K*), calcium (Ca®") and magnesium (Mg”") were analyzed. The
Multielement standard solution for all cations were prepared and diluted as described
above for water samples. For calibration plot, five standard solutions of Multielement
standard solution (10, 30, 50, 70 and 100) ppm were prepared carefully. In the
calibration plot for each element the correlation coefficient was 0.995 to 0.999
depending on the element. To verify the method, the efficiency of ICP-MS was
detected by spiking different concentrations of Ag, and found to be in good agreement

between certified and recovered values (Table 3.1).
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Table 3.1: Recovery of spiked Ag by ICP-MS

Spiked value Analyzed value
Recovery (%)
(ppb) (ppb)
10+ 0.76 9.7+1.0 97
50 +£0.02 49.4 +0.06 98.8
100 £0.23 98.9 + 0.86 98.9

3.7 Transport Behavior of NMs

As discussed in chapter 2, porous column transport experiments were widely
utilized to investigate the behavior of NMs. In this research the transport behavior of
all synthesized metal and carbon based NMs was determined in natural river water. A
glass column with an inner diameter and length of 3 cm and 15 cm respectively was
wet-packed with Amberlite XAD4, 20-60 mesh size, with an average diameter of 560-
710 uM corresponding to a total pore volume of ~0.55 ml/g. Amberlite was used as
packing material because it is non-ionic cross-linked copolymer, with a large surface
area and with a homogeneous pore distribution. It is the much use type of packing
material in most of the studies because of its good physical, chemical and thermal
stability even in wide range of acidic and basic media (Ozdemir et al., 2004). After a
wet packing, the column was pre-equilibrated with at least 10 pore volumes of each
RW sample, or NMs-free salt solutions of desired ionic strength and pH to equilibrate

the chemical condition and to establish steady saturate flow.

Figure 3.10, representing the schematic diagram of the column experimental
setup used in this research. The horizontal column with laminar flow (flow rate = 1

ml/min) was selected as it mimic the natural river water flow rate as also reported by
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Subari, Osman, & Saim (2017). Since the RW water samples were taken from the
middle of river, therefore, in order to mimic the realistic water flow rate 1 mL/min
velocity was selected. The dispersed NMs were injected from the inlet, the column

effluent was collected after every 10 min and the results were recorded.

For column transport experiments, RW samples from three locations (sampling
station 1, station 4 and station 7) were selected because of obvious variations in terms
of pH variation, dissolved oxygen and concentration of anions and cations. The choice
of these sampling points was focused on the determination of the effect of solution
chemistry on the mobility and transport of NMs as also considered by Gao et al.,
(2009) in prvious report. In this report Gao et al., (2009) found that water sample from
different locations of same river displayed distinct solution chemistry which in turn
greatly affect the transport or mobility of NMs. Therefore, in this research river water

sample from three locations i.e., station 1, station 4 and station 7) were selected.

The same set of column experiment was also conducted using synthetic or deionized
water (DW) and the effect of pH and ionic strength was examined. For all the column
experiments, the ionic metal released and NMs retention into the column have been

investigated in triplicate to permit the experimental variability to be assessed.
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Figure 3.10: Schematic diagram of the column experiment.

3.7.1 Transport Behavior of Metal based NMs

The column transport behavior of metal based NMs particularly the ionic dissolution
was quantified by ICP-MS analysis. The use of ICP-MS to measure metal ions offers a
highly sensitive method and has been established as the most reliable technique for
quantification of metal ions (Figueroa et al., 2016). Typically, 30 mg/L concentration of
metal based NMs was used in this study as also reported previously (Phenrat et al.,
2009) in the transport experiment of iron nanoparticles. The NMs dispersed in RW
samples and ultrasonicated (POWERSONIC 405) for 20 min. The undissolved fraction
of NMs was removed by centrifugation at 4000 rpm for 20 min. The concentration of
dissolved NMs in suspensions was immediately determined by ICP-MS analysis.
The NMs suspension was introduced into the column through the inlet, at 28 °C (1
ml/min flow rate). To make sure the behavior of NMs is according to natural

phenomenon and interrelated with actual sampling site other parameters like water flow,
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pH and temperature was maintained. After every 10 min, 5 mL column effluent was
collected in 10 mL sterile centrifuge tubes and centrifuged at 10,000 rpm for 40 minutes

to remove any suspended particle or precipitates.

The clear supernatant was filtered through cellulose membranes with a particle size
limit of 1-2 nm and UV-Vis absorption spectra were taken to ensure no detectable
plasmon resonance optical absorption peak for metal nanoparticles (Liu et al., 2010a).
This verified the metal based NMs existed as free ionic metal rather than bound
nanoparticulate form. Then 1 mL of suspension was acid digested by 2 mL of trace-
metal grade HNOs3 (70%, w/w, Fisher Scientific) and heated on a hot plate at 100 °C for
30 min (Zhang et al., 2011). The digested solutions were diluted and the concentrations
of ionic metal, originated from metal based NMs ionic dissolution were measured using
ICP-MS analysis. The kinetic of ionic metal release in deionized water was also
evaluated by replacing the RW to deionized water for a similar time period. All column

experiments were performed in a triplicate and the mean values were recorded.

To describe the experimental results with the kinetic model, the dissolution rate of
metal based NMs was tentatively described by a modified first-order kinetic rate

equation as described by Kittler et al., 2010.

V(t) =y (final) (1-€XP (-Kt)).eeeeeeeeiieeeieeeiee e (Equation 3.1)

Here y(t) is the [M"]released (in the form of % of the original value), y(final) is the
[M]initial 1.€., at t— oo (in the form of % of the original value), k is a rate coefficient, and
t is the time (min). The values for y(final) and k were extracted from the data by suitable
least-squares fitting. Mathematically, this corresponds to the product formation of a

first-order reaction, which may be smaller than one. Using above equation the
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experimental results were compared with the kinetic model equation, to derived the

released ionic metal concentration ([MJreleased) as a function of time (t).

3.7.2 Effect of Surface Coating

Surface coating effect on the mobility of metal based NMs was determined by two
polymer coated (PEI@AgNPs & PEG@ZnONRs) and one uncoated metal nanoparticle
(TiO2NPs). All three NMs were dispersed in RW as described in section 3.7.1,
transported from column and the concentration of ionic metals i.e., Ag(I), Zn(Il) and
Ti(IV) from PEI@AgNPs, PEG@ZnONRs and TiO2NPs was determined by ICP-MS
analysis. The results obtained from column transport experiment were also compared

with kinetic model equation (Equation 3.1).

3.7.3 Effect of Size and Morphology

For the size and morphology investigation on the behavior of metal based NMs, three
zinc xide structures (PEG@ZnONRs, ZnONNs and ZnOMFs) were selected and effect
on the particle dissolution and ionic metal release was investigated. The results

obtained were also compared by kinetic model equation (Equation 3.1).

3.7.4 Effect of pH

To determine the effect of change in the solution pH on the stability and ionic metal
release, the influence of pH on synthesized NMs was investigated. A series of solutions
complementary to RW pH (Station-1, Station-4 and Station-7) were prepared in DW.
The solution pH was maintained by adding sodium hydroxide solution (I mM). The
effect of pH variation on the stability of metal based NMs was investigated by UV-Vis
spectroscopy. Typically NMs were dispersed in DW, solution pH was adjusted and the

effect of pH was monitored by change in the surface plasmon resonance (SPR) of added
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metal based NMs. In order to investigate the variation in the surface charge under
different pH values in both RW and DW, zeta potential analysis (Malvern Nanosizer
zn3600 in low volume disposable cuvettes) was performed and the mean value of at

least three measurements was recorded.

3.7.5 Effect of Ionic Strength and Natural Organic Matter

To compare the effects of RW ionic compositions on NMs transport, the kinetic
sedimentation or aggregation study was also conducted in deionized water. The NMs
were dispersed in a solution of desired monovalent or divalent salts concentrations in
deionized water and column transport experiments were carried out in the same way as
explained above. The effect of ionic salts concentrations (2-10 mM) on NMs ionic
metal transport was elaborated and quantified by ICP-MS by using standard reference
solutions for each salt concentration. The stability of newly synthesized PEI@AgNPs
in RW for a longer incubation period of one month was also investigated, during this
period the sedimentation or the aggregation behavior was determined by the changes
occurred in surface plasmon resonance (SPR) through UV-visible absorption

spectroscopy.

To evaluate the effect of dissolved natural organic matters (NOM) on the transport
behavior of NMs, two sets of column experiment were designed. In the first column
experiment dispersed NMs was injected and RW sample (Station-7) was flow through
the column. In the second experiment, the synthetic solution of RW (Station-7), of
similar ionic composition and pH in deionized water was synthesized and column
transport was carried out and NMs % elution was determined both in presence and

absence of NOM.
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3.7.6 Transport Behavior of Carbon Based NMs

The transport, mobility and retention behavior of CNPs and GOQDs through porous
medium was evaluated by introducing the dispersed carbon based NMs (30 mg/L) into
the column with different ionic composition of flow medium. The column effluents
were collected and concentrations of carbon based NMs passed through the column
were determined by using UV absorbance at 330 nm and 280 nm for CNPs and
GOQDs respectively. The breakthrough curve was constructed between the effluent

volumes (mL) and normalized effluent concentration C/C,.

To explain the experimental results with the model equation, the column transport of
carbon based NMs was tentatively described by an advection dispersion equation as
exploited in previous reports (Lanphere et al., 2014; Zhou et al., 2016) and stated

below in Equation. 3.2.

T/0t = V. 1/0X + D. VA0, G P quation 3.
0Ct/0 0 C1/0x + D. &* Cr/ox? (E ion 3.2)

Where C is the carbon based NMs reduced concentration in effluent water, ¢ is time
(min), x is pore volume, v is pore velocity (cm/min) and D is dispersion coefficient
(cm?/min). The model equation is fit with experimental column break through curves
(BTCs) and deposition rates (Rq) were estimated using mass balance or column mass

recovery of added CNPs and GOQDs.

3.7.6.1 Effect of pH

The effect of solution pH on the transport and the deposition behavior of CNPs and
GOQDs were also determined, both NMs were dispersed in DW (10 mg/L) and pH
(comparable to RW pH) was adjusted. The solution pH was adjusted by adding sodium

hydroxide solution (1 mM). The effect of pH variation on the stability of CNPs and
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GOQDs was investigated by UV-Vis spectroscopy. Typically NMs were dispersed in
DW, solution pH was adjusted and the effect of pH was monitored by change in the
surface plasmon resonance (SPR) of added CNPs and GOQDs. The aggregation
behavior was determined by variations observed at their corresponding absorption

maxima.

3.7.6.2 Effect of Ionic Strength and Natural Organic Matter

The effect of ionic strength and natural organic matter on the column transport
behavior was performed by the same methodology as discussed for metal based NMs
(Section 3.7.1.4). For determination of effect of ionic strength on carbon based NMs,
column transport experiment were conducted and BTCs were developed between
effluent concentrations C/C, and effluent volume, and the total deposition rate (Rq)

calculated from the mass recovery of added NMs into the column was investigated.

3.7.6.3 Column Attachment or Retention Profile

In order to determine the column retention ability of NMs, the column packing
material (Amberlite) was carefully removed into 5 cm increments. The material was
dissolved in 50 ml DW, centrifuged and the supernatant was collected to determine the

concentration of retained NMs into the column using UV absorption spectroscopy.

Beside natural water electrolytes effects on transport of NMs, effect of naturally
existing dissolved organic species also dictates the transport behavior of NMs.
Therefore, in determination of NMs behavior, the effect of dissolved natural organic

matter was also elucidated.
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3.8 NMs Mobilization into the Plant

To investigate the ability of NMs to be absorbed and transported into the living
systems, living model was needed to explore the mobilization and accumulation of NMs
into the living tissues. For this purpose hydroponic growth of red bean (Vigna
angularis) model plant was monitored under the exposure of NMs. Since low
concentration of carbon based NMs to natural water was reported (Gottschalk et al.,
2013) which limit its chances to expose to real plant growth system compared to metal
based NMs. Therefore, because of this reason two metal based NMs i.e.,
PEG@ZnONRs and TiO>NPs were used for the evaluation of NMs impact on plant

growth.

3.8.1 Synthesis of NMs Suspensions

The homogenized suspensions of PEG@ZnONRs and TiO>NPs nanomaterials (0-200
png/mL) in deionized water were prepared by ultrasonication (POWERSONIC 405) for
20 min. The dissolved fraction of Zn(I) and Ti(IV) ions in suspensions were
determined by ICP-MS analysis. The particle size and zeta potential of both nano-
oxide were investigated by particle size analyzer (Malvern Nanosizer zn3600) in low

volume disposable cuvettes and the mean value of triplicate analysis were recorded.

3.8.2 Transport of Metal Based NMs to Plant Seeds

Red bean seeds were soaked in formaldehyde 3% v/v for 15 min to remove fungal
contaminants (Peralta-Videa et al., 2002), washed thrice with deionized water, and
placed in a 150 mm x 30 glass Petri dish (12 seeds each) with 10 ml of each metal based
NMs suspension. Filter paper was used as a membrane support in all test plates. The
Petri plates were wrapped in aluminum foil and kept under incubator at 30° C for 5 days

for germination. All samples were replicated three times and mean + SE (n = 3) were
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recorded. Seeds were considered germinated when 65% of root controls were at least 5
mm long (Figure 3.11, Step 1) according to US-environmental protection agency
guidelines (USEPA, 2012). Germination data for both blank and test plates were
collected and their % germination was calculated using reported method (Lopez-

Moreno et al., 2010) by Equation 3.3.

% Germination = Seeds germinated/ Total seeds % 100..............cccuenneee. (Equation 3.3)

3.8.3 Plant growth under NMs exposure

After germination, 4-5 seedlings (for each NP concentration) were selected
randomly and placed on a plastic plate (having holes) such that the head of each
seedling are up and roots were facing the medium solution downwards (Figure 3.11,
Step 2). The plates were placed onto the 100 mm x 15 mm glass Petri dish (1-inch
space from dish bottom was maintained for the roots to grow) and 250 ml of nutrient
solution were added as described previously ( Ebbs et al., 2016) except for adding Zn

salt in the formulation.

The Petri plates were kept in sunlight for at least 5 hours daily at a light intensity
around 3600 foot candles with temperatures of 30 °C/day, 7 hours in the shade at 28
°C/day and for 12 hours in the dark at 26 °C/night. The day/night relative humidity was

50-55%.
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Figure 3.11: The corresponding steps for hydroponic cultivation of red bean plants

After one week, the seedlings were transferred to the glass tank (Figure 3.11, step 3)
with approximately 500 ml medium capacity and exposed to PEG@ZnONRs and
TiO2NPs suspensions (0-200 pg/mL) either in single or co-exposure (1:1 ratio)

treatment for one week.

These wide ranges of PEG@ZnONRs and TiO>NPs concentrations were examined
to determine the sub lethal dose to plant physiological and biochemical characteristics.
For both metal-oxide treatments, the concentration 200 pg/mL was further exposed to
two weeks and three week treatments in order to investigate the kinetic uptake and
tissue distribution of metal ions. For all the experiments the medium solution was
bubbled with air pump for frequent Oz supply, sufficient aeration and to prevent

PEG@ZnONRs and TiO,NPs from aggregation (Rao and Shekhawat, 2014).

3.8.4 Effects on Plant Physiology

The effect of PEG@ZnONRs and TiO2NPs on plant physiological activity was

investigated by measuring the growth rate in terms of roots length and shoots length. All
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the data compared with the control plant grown under normal condition without NMs

exposure treatment.

3.8.5 Effect on Plant Biochemistry

The effect of PEG@ZnONRs and TiO;NPs exposure on plant biochemistry i.e., certain
growth proteins and enzymes was also determined to investigate the plant response to
PEG@ZnONRs and TiO2NPs exposure. For this purpose analytical methods and anti-

oxidant assays were performed.

3.8.6 Analytical Methods

After completion of exposure treatments (one week, two weeks & three week), the
plant parts (roots & shoots) were separated, rinsed thoroughly with 1 mM HNO;
followed by deionized water to remove the physically adsorbed PEG@ZnONRs and
TiO,NPs. To determine the uptake concentration of Zn(Il) and Ti(IV), the plant tissues
were microwave digested as reported previously by Rodushkin et al., 1999. The
digested samples were diluted 50 times and the concentration of Zn(II) and Ti(IV) was
quantified through inductively coupled plasma mass spectrometry (ICP-MS, Agilent

7500-series) using plant standard referring material (Apple leaves 1515a).

In addition, the standard was used after every 10 samples to monitor the matrix
effect on the analyte. The total chlorophyll content, lipid peroxidation, and carotenoids
were determined by following reported methods by Das et al., (2015), Heath et al.,
(1968), Lichtenthaler, (1987) and May et al., (1993) respectively. The total chlorophyll
content in plants leaves was extracted using 80% acetone (pH 7.4) while lipid
peroxidation was expressed as thiobarbituric reactive species (TBARS) at extinction

coefficient of 155 mM™! cm™! (Heath et al., 1968).
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3.8.7 Standard Reference Material (Apple leaves 1515a)

In order to determine the accuracy and performance of ICP-MS instrument a
standard plant referring material was used. Typically 0.5 g of reference material
were weighted, acid digested and diluted as mentioned for plant parts (section 3.8.6)

and analyzed by ICP-MS.

Table 3.2: Recovery for standard reference materials (Apple leaves- 1515a).

Certified Analyzed Recovery
Elements | value (ppb) value (ppb) (%)
Zn(1I) 208.32+0.76 | 204.10+ 1.0 97.98
Mg(Il) 4.5+0.02 4.27 +£0.06 94.8
Na(I) 406.4 +0.23 389.4+0.86 95.8

The analyzed value of elements Zn(Il), Mg(Il) and Na(I) was compared with the
certified value provided by the manufacturer (NIST) of referring material. Table 3.2
shows the results of plant reference material which was in good agreement between

certified and recovered value.

3.8.8 Antioxidant Assays

The investigation of biochemical changes occurred in plant due to NMs exposure
treatments were determined by the antioxidant enzyme assays. For all the enzyme
studies, roots and shoots were separated, homogenized, centrifuged at 10,000 rpm for 20
min. The extract was analyzed for enzymes catalase, superoxide dismutase, ascorbate
peroxidase, and glutathione reductase by following previous reports by Cho and Seo.,
(2005), Xu and Chen., (2011) and enzyme assay was performed by following the

method described previously by Gallego et al., (1996), Beyer and Fridovich., (1987),
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Nakano and Asada., (1981) and Foyer and Halliwell., (1976) respectively. The catalase
activity was assayed by monitoring the H>O> degradation extinction coefficient 39.4
mM! cm™! (Wahlefeld and Bergmeyer, 1974). One unit of catalase is the amount
necessary to decompose 1pumol of H>O; per minute. In case of superoxide dismutase and
glutathione reductase, one unit enzyme activity is the amount of enzyme which causes
50% inhibition of nitroblue tetrazolium reduction and 1 pmol of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidation per minute, respectively. Ascorbate
peroxidase activity was measured by monitoring decrease in ascorbate at extinction

coefficient of 2.8 mM™! cm™ (Nakano and Asada, 1981).

3.8.9 Statistical Analysis

All the data of seed germination, roots & shoots growth and enzymes assays were
statistically analyzed by one-way ANOVA statistics using General Linear Model
followed by Tukey test using IBM SPSS statistics V22 software (US). The statistical

significance was based on the probabilities of p < 0.05.

3.9 Remediation of NMs

After investigations of the NMs aqueous transport and mobilization behavior,
research on the second part of this project that is remediation of NMs under natural
aqueous medium was elaborated. For the remediation of NMs, spiked in natural aqueous
medium mesoporous silica based adsorbent material was synthesized. The complete

detailed synthesis of adsorbent is described below.

3.9.1 Synthesis of Adsorbent For NMs Remediation

Polymer modified mesoporous silica iron microcubes (P@MSIMC) were
synthesized by facile one-pot hydrothermal method. Briefly, 0.2 g of column silica gel

was mixed with 100 pl of polymer PEI (diluted 1 ml to Sml of DW) in 20 ml of DW.
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The mixture was allowed to react at 75 °C/1100 rpm on a magnetic stirrer for 10 min,
then 0.025 g of FeCl> was added with continued stirring. The resulting brown mixture
was heated and stirred for a further 1 hour for maximum synthesis of PEI-modified

porous silica iron microcubes (Scheme 3.6).

Scheme 3.6: Schematic representation for the synthesis of P@MSIMC.

To determine the effect of reaction temperature on the porosity of P@MSIMC,
the similar reaction was also employed at 100 °C, 150 °C and 200 °C. The synthesized
silica microcubes were washed several times with 2-propanol and DW in order to
remove the unreacted precursors. The P@MSIMC was dried in oven at 80 °C for 1h

and characterized.

3.9.2 Preparation of NMs dispersion

All synthesized NMs were dispersed in natural RW and sonicated at 20 °C for 20
min. The insoluble fraction of NMs was removed by centrifugation at 10,000 rpm for
15 min and the concentration of NMs in the supernatant was determined by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7500-series) analysis. The NMs

suspensions were stored at 28 °C for adsorption analysis.
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3.9.3 Adsorption of NMs

For NMs adsorption studies (10-1000 mg/L), batch experiments were performed on
an orbital shaker (Model: OS-200, ORBIT 20 mm) with a shaking speed of 120 rpm at
25 °C and pH values ranging from 4-9. For kinetic study, 10 ml solution of RW
dispersed NMs (1000 mg/L) was mixed with P@MSIMC (10 mg) at optimum pH
values. After a predetermined adsorption period, the fraction of metal based NMs
solution (2 mL) was removed, acidified and the concentration of NMs was
determined by ICP-MS using standard solution of Ag(I), Ti(IV) and Zn(Il) of same
initial concentration. The concentration of CNPs and GOQDs was determined by
Shimadzu 3600-UV visible spectrophotometer at corresponding wavelength of 330
nm and 280 nm respectively. The NMs % removal efficiency was calculated by the

Equation 3.4 (Zinchenko et al., 2013).

% Removal efficiency = (1-C/C°) x 100.........ccoviiiiiiiiiiiininan... (Equation 3.4)

Where C° and C are the initial and final concentrations of the NMs before and
after the adsorption process respectively. The NMs maximum adsorption capacity

(g) of P@MSIMC was calculated by the Equation 3.5 (Ma et al., 2015b).

q(ME/g) =(Co-Ce) XV/W ..., (Equation 3.5)

Where, C, and C. are the initial and equilibrium concentration of NMs in solution
(mg/L), V is the total volume of testing solution and W is the weight of adsorbent
(P@MSIMC). For the kinetic adsorption study, following linear model equations
of pseudo-first order (Equation 3.6) and pseudo-second order (Equation 3.7) was

employed.

log(qge—qt) =logqe —k1/2.303 X t..oceiiiiiiiiiiii e (Equation 3.6)
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t/qt =1 KoqQ2€Ht/ Q€. et (Equation 3.7)

Here gt (mg/g), and ge (mg/g) represents the adsorption capacity at time ¢, and
at equilibrium and ki/ min and k» (g/mg min) are the pseudo first and second order

rate constants respectively.

For adsorption isotherm study, the equilibrium data was described by using two
well-known linear forms of Langmuir and Freundlich isotherm models (Liu et al.,

2015¢c). For Langmuir and Freundlich isotherm following equations will be used

respectively.
Ce/qe=1/bqm + Ce/qMi.....cuiiii i e (Equation 3.8)
Ce/ge=InKF+1/mInCe...oevniiiiiiiiii i (Equation 3.9)

Where, g. and C. are the maximum removal efficiency (mg/g) of P@MSIMC and
the equilibrium concentration of adsorbate (mg/L), the g» and b are the Langmuir
constant, for maximum absorption and binding energy respectively; KF' and n are the

Freundlich empirical constant (L/mg) and heterogeneity factor respectively.

3.9.4 Desorption and Recycling of Adsorbent

The desorption process of P@MSIMC was carried out by washing several times
with ethanol followed by deionized water and dispersed in 10 mL of 1 mol/L HCI for
30 mins. This will remove the adsorbed NMs at the surface of P@MSIMC. The
adsorbent was separated from the solution by centrifugation at 3000 rpm/min, washed
several times with deionized water and used to check the recycling property. The
particles were separated, washed thrice with deionized water, and used for recycling.
The adsorption/desorption cycles were repeated five times and the NMs removal

efficiency of P@MSIMC was determined.
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3.10 Quality Control and Quality Assurance

Quality control (QC) and quality assurance (QA) are fundamental aspects of any
laboratory measurement. In general both ensure that the results generated one day are
consistent to next days with same accuracy and precision. During this project, in order
to maintain good QC and QC following steps were undertaken. To preclude uncertain
contaminations, all laboratory equipments and glasswares were washed with phosphate-
free soap, double rinsed with distilled water and left in 10% HNO; for 24 h. All
glassware were then rinsed twice with doubly distilled water and dried at room

temperature.

In the synthesis of all NMs and adsorbent material, adequate ultrasonication and
centrifugation were employed for the entire chemical dissolution during all the
preparation and washing steps. All NMs behavior studies were performed in triplicate to
minimize the chances of error. In all ICP-MS metal quantification, proper sample
preparation steps was taken and external standard reference material was used after
every 10 samples to monitor the matrix effect on analyte. In seed germination, NMs
plant uptake and mobilization studies each experiment was performed in triplicates and
mean values were recorded. For metal uptake investigations, proper tissue digestion was
carried out in microwave digester using extra pure nitric acid (HNO3) and hydrogen
peroxide (H202). All the data were analyzed by one-way ANOVA statistics using
General Linear Model followed by Tukey test using IBM SPSS statistics V22 software
(US) with statistical significance based on the probabilities of p < 0.05 (APPENDIX A).
All the NMs remediation experiments were also performed in triplicates in natural river

water and the mean value of each experiment was recorded.
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3.11 Process Safety Measures and Material Safety Data Sheet

Since, used solvents, metal salts and certain polymers and inorganic acids were
belonging to the hazardous class of materials, therefore, safety measure were
taken into account at all steps of the research carried out. The purchased chemicals
were properly stored as described by chemical companies under controlled
temperature conditions (below 30 °C). During and after the experimental
procedures, the used materials were disposed of appropriately and exhaust
ventilation were used to avoid the airborne contaminations. In addition, lab coat,
safety goggles, fume hood vapor respirator was used as personal protective equipment

(PPE).
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1 Characterization of NMs

4.1.1 Characterization of Metal Based NMs

To understand the surface potential and morphological features of synthesized metal
based NMs, various material characterization techniques were employed. These
techniques includes, UV-visible absorption spectroscopy, fourier transform infrared
spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), zeta-
potential analysis and XRD analysis. The UV-visible spectroscopy is the most
important technique and the simplest way to confirm the formation of NMs through
specific surface plasmon resonance peak (Anandalakshmi et al., 2016; Bindhu et al.,
2013). Figure 4.1, represented the UV-visible spectrum of all synthesized metal based

NMs.

Figure 4.1: UV-visible absorption spectra of PEI@AgNPs, PEG@ZnONRs, TiO2NPs,
ZnONNs and ZnOMFs respectively.
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The UV-visible spectrum of PEI@AgNPs, PEG@ZnONRs, TiO2NPs, ZnONNs and
ZnOMFs illustrates the surface plasmon absorption maxima at 427 nm, 376 nm and 375
nm, 370 nm, and 350 nm respectively, which are the corresponding absorption peaks for
silver, zinc and titanium dioxide structures and are in accordance with the previous
reports Han et al., (2012); Prasad et al., (2006); Reddy et al., (2003); Sun et al., (2003);
and Wahab et al., (2007b). FTIR analysis was performed to determine the possible
functional groups at the surface of all synthesized metal based NMs. Figure 4.2,
presented the FTIR spectra of all synthesized metal based NMs. The FTIR spectra of
PEI@AgNPs displayed three absorption bands at 600 cm™ ' and 1570 cm™!, 3400 cm™!
which are attributed to the -CO> group of ligand L-cystine and N-H bands of —NH>

group of attached polymer PEI respectively (Liu et al., 2012a).

Figure 4.2: FTIR spectra of PEI@AgNPs, PEG@ZnONRs, TiO2NPs, ZnONNs and
ZnOMFs respectively. All the spectra were taken at ATR mode within the spectral
range of 450-4500 cm™.
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All synthesized ZnO structures displayed sharp vibrations around 500 cm™ which are
attributed to the Zn-O stretching modes, respectively (Wahab et al., 2007a). In
PEG@ZnONRs, and ZnOMFs the broad vibrations at 3400 cm™ was due to the
hydroxyl group of attached polymer PEG (Liufu et al., 2004). Whereas in ZnONN:Ss, the
bands around 3400 cm™! correspond to O—H mode of vibration. In all ZnO structures the
stretching modes of C-O and C=O are observed at 1427 cm™' and 1536 cm™!
respectively (Wahab et al., 2011). The spectra of TiO2NPs shows an absorption maxima
at 550-795 cm™! which correspond to the Ti-O stretching mode whereas, the vibration
centered at 1500 cm™ and broad band at 3200 cm™ correspond to carboxylate and O-H

stretching mode of physisorbed water molecules (Brauer et al., 2014).

After UV-visible and FTIR characterizations, the morphological features of all
synthesized metal based NMs were studied through FESEM analysis. The FESEM
analysis (Figure 4.3a-¢) revealed that the synthesized metal based NMs are of different
size and surface structures. Typically the morphology of PEI@AgNPs are of uniform
spherical shape with an average diameter of 50 + 10 nm. PEG@ZnONRs displayed rod-
shaped morphology with an average length and width of each rod was 1.0 + 0.2 um and
64 £ 10 nm respectively. The structure of TiO;NPs represented roughly spherical
morphology with an average diameter of 89 + 20 nm. ZnONNs displayed needles
shaped morphology with an average length and width of each needle was 151 £ 15 um
and 43 + 10 nm, respectively. The surface structure of ZnOMFs represents very
interesting flower shaped morphology. The average diameter of each flower was 1.09 +
0.2 pum. The ZnOMFs were synthesized by following same methodology as
PEG@ZnONRs, except the reaction temperature and time i.e., ZnOMFs were
synthesized at 150 °C for 24 h compared to PEG@ZnONRs which were synthesized at
100 °C for 5 h. This flower behavior was also reported previously (Polsongkram et al.,

2008) when zinc oxide nano-rods combine together to reduce the interfacial free energy
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(Ostwald ripening). This combination was also reflected by the size increment of
ZnOMFs from PEG@ZnONRs. It was a spontaneous process that occurs because larger
zinc oxide structures are more energetically favored than smaller ones as reported in

earlier work (Polsongkram et al., 2008).
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Figure 4.3: The FESEM analysis of synthesized PEI@AgNPs (a), PEG@ZnONRs (b),
TiO2NPs (c), ZnONNs (d), and ZnOMFs (e). Each sample was firstly drop-casted on
ITO thin film, dried and then FESEM images were taken using bright field mode.

To determine the surface charge or surface potential of synthesized metal based
NMs, zeta-potential analysis was performed. As it is well known that every solid
surface is characterized by its own electrostatic charge which originates from the
surface functional groups. Whereas, the composition of the interior of the material does
not contribute to the charge (Gannon et al., 1991; Jastrzebska et al., 2016). Therefore,
the zeta-potential observed in all synthesized metal based NMs was solely due to the
surface functional groups present on the surface of metal based NMs. The zeta-potential
analysis revealed that all synthesized zinc oxide structures i.e., PEG@ZnONRs,
ZnONNs, ZnOMFs and TiO>NPs possesses negative (—ve) surface charge due to the
presence of hydroxyl and carboxylate groups at the surface, as also confirmed by FTIR
analysis (Figure 4.2). Whereas, the surface charge of PEI@AgNPs was positive

because of the attachment of cationic polymer layer at the surface (Sharonova et al.,
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2016). The zeta-potential detail and other physicochemical properties of all synthesized

metal based NMs are summarized in Table 4.1.

Table 4.1: Physicochemical properties of metal based NMs.

Properties | PEG@ZnONRs | TiO:NPs | PEI@AgNPs ZnONNs ZnOMFs
Surfgce PEG-coated - PEI-coated - PEG-
coating coated

Roughly .
Morphology Rod spherical Spherical Needles Flowers
. W: 64+10 nm W:43+10 nm
FESEM Size L: 140.2um 89+20 nm 504£10 nm L151+15 nm 1.09 um
&-potential -20 mV -16 mV +17 mV -18 mV -19 mV

*W=width, L= length

4.1.1.1 XRD Characterization of Metal Based NMs

XRD is an important technique used to analyze the characteristics and structural
details of nanomaterials. Powder XRD was used to determine the phase composition of
metal based NMs. Figure 4.4, representing the XRD spectra of metal based NMs. The
XRD spectra of PEI@AgNPs (a) showed peaks around 38°, 46°, 66° and 74" which
are corresponding to the (111), (200), (220) and (322) Bragg reflections and
confirming the presence of crystalline silver nanoparticles in the sample as also
observed previously in the green synthesis of nano-crystalline silver particles
(Sathishkumar et al., 2009). The spectrum of PEG@ZnONRs (b) was mainly on
hexagonal wurtzite structure as reported in earlier research by Pimentel et al.,
(2014). The peak at 34.42° is assigned to the (001) crystal plane and two other peaks at
31° and 36.26° are assigned to the (100), and (101) crystal planes, respectively

(Vayssieres, 2003).Whereas, in TiO2NPs (c), the appearance of well-defined Bragg

peaks corresponding to anatase phase (Brauer et al., 2014) with well-crystalized
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structure as indicated by the sharp diffraction from anatase (101) planes (Li et al.,

2009).
20000
a)
10000 E o - R
0 . U | A
h) =
E 20000 %«:E
2 “g
~ 10000
: L) .
c) E
1600 re
300
0
30 45 60 75
Position [2 Theta | (Cu)

Figure 4.4: X-ray diffraction spectra of PEI@AgNPs (a), PEG@ZnONRs (b) and
TiO2NPs (c). The powder XRD was performed at the range between 20-80° at
temperature 28 ° C.

4.1.2 Characterization of Carbon Based NMs

Both carbon based NMs (CNPs and GOQDs) were also characterized by UV-visible,
FTIR, FESEM, XRD and zeta-potential techniques as described for metal based NMs.
Figure 4.5, represented the UV-visible absorption spectra of synthesized CNPs (a) and
GOQDs (b) respectively. The typical absorption spectra show surface peak maxima at
330 nm and 280 nm which are the corresponding peak of CNPs and GOQDs

respectively (Liu et al., 2016; Tang et al., 2012).
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Analogous to metal based NMs, the details of the surface functional groups of both

carbon-based materials were determined by FTIR study.

Figure 4.6, represents the FTIR spectra of CNPs and GOQDs. The FTIR spectra of
CNPs represent the vibration around 3293 cm™! which corresponding to the surface O-
H group (Jahan et al., 2013). Whereas, the vibration centered at 1677 cm™ and 1404
cm’!, ascribed to C=0 and C-OH groups of COOH (Jahan et al., 2013). The FTIR
spectra of the GOQDs displayed an obvious absorption peak around 1670 cm™ which
was due to the C=C stretching mode. The vibration at 779 ¢cm™ and broad absorption
band at 3375 cm’! were attributed to CH» rocking and O-H group respectively. The
absorption bands at 1017 and 2930 cm™! indicated the presence of C-O and C-H groups

respectively (Tang et al., 2012).

The morphological features of synthesized carbon based NMs was characterized by
FESEM analysis and presented in Figure 4.7. As figure illustrates, the synthesized
CNPs and GOQDs materials were of spherical morphology with an average diameter

of approximately 20 + 10 nm and 50 + 20 nm respectively.

Just like metal based NMs, the surface charge or surface potential of synthesized
carbon based materials was determined by zeta-potential analysis. The zeta-potential
analysis displayed that both CNPs and GOQDs exhibited negative (—ve) surface
potential due to the presence of hydroxyl group at the surface, which was also evident

from the FTIR observation (Figure 4.6).

The zeta-potential values for CNPs and GOQDs and other physicochemical

properties are summarized in Table 4.2.
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Figure 4.5: The UV-visible absorption spectra of CNPs (a) and GOQDs (b).
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Figure 4.6: FTIR spectra of CNPs and GOQDs taken at ATR mode within the
spectral range of 450-4000 cm™'.
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Figure 4.7: The FESEM images of CNPs (a) and GOQDs (b) respectively. The sample
was firstly drop-casted on ITO thin film, dried and then FESEM images were taken
using bright field mode.
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Table 4.2: Physicochemical properties of CNPs and GOQDs.

Physicochemical properties CNPs GOQDs
Morphology Spherical Spherical
FESEM Size 20+ 10 nm 50 £20 nm

&-potential value -40 mV -24 mV

4.1.2.1 XRD Characterization of CNPs and GOQDs

The X-ray powder diffraction analysis was performed to determine the phase

composition of synthesized carbon based NMs.
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Figure 4.8: X-ray diffraction patterns recorded for CNPs and GOQDs and CNPs at 20
°C temperature within the spectral range 5°- 80°.

Figure 4.8, represented the XRD spectra of synthesized CNPs and GOQDs. As
illustrated by the figure, the XRD profile of the CNPs reflect wide peak centered at 26°

which was the corresponding peaks of CNPs (Hsu et al., 2012). Whereas, the spectrum

92



of the GOQDs displayed an obvious peak and 18° which represent the graphitic

structure of GOQDs as reported in earlier report (Tang et al., 2012).

4.2 Properties of Natural River Water

To explore the behavior and remediation of NMs in natural aqueous medium, firstly

the properties of natural river water was investigated. In order to develop a clear

understanding, results of water quality were divided into two sections.

Table 4.3: Physical water quality parameters of RW samples.

Dissolved Electro
Sampling Temperature Total suspended
pH oxygen conductivity
stations °O) solids (mg/L)
(mg/L) (mS/cm)

Station

. 5.66 +£0.01 27.5+0.10 7.1 £0.01 120 £ 0.60 3.01 £0.01
Station

5 6.21 £0.03 | 28.2+0.61 11.0+£0.05 90+2.16 3.57+£0.02
Station

; 6.33+0.02 | 28.6+0.43 8.1+£0.03 115+£0.65 3.54+£0.02
Station

A 6.09 +£0.01 28.7+0.42 8.5+0.02 101 +£1.25 3.36 £0.01
Station

5 6.38+0.06 | 284+0.63 7.8+ 0.04 110£2.03 3.39+£0.02
Station

‘ 6.61 £0.04 | 289+0.64 8.6 £0.03 100 £2.11 4.08 £0.04
Station

. 6.86+0.04 | 28.6+0.65 11.5+0.02 75+£0.53 429 +0.05

First section includes physical water quality parameters like pH, temperature,

concentration of dissolved oxygen, total suspended solids, and electroconductivity

(Table 4.3). Second section includes concentrations (mg/L) of anions and cations
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present in RW (Figure 4.9). As shown in Table 4.3, each sampling station represents
variation in terms of temperature, pH, dissolved oxygen, total suspended solids which

was also reflected in the variable electroconductivity of each water sample.

Figure 4.9, revealed that the maximum concentrations of anions such as chloride,
fluoride, bromide, carbonate, nitrate, phosphate, sulfate and concentration of some
important cations such as sodium, potassium, calcium (except for magnesium) was

observed in RW station 7, which also represents the complexity of this water sample.
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Figure 4.9: The total concentration (mg/L) of anions and cations present in each RW
sample. For cations measurement the RW sample was first acidified with 0.5% HNO3
and their respective ICP-MS analysis was performed.

4.3 Behavior of Metal and Carbon Based NMs

4.3.1 Behavior of Metal Based NMs

In determination of the behavior of metal based NMs, the effect of surface coatings,

particle size and morphology, influence of solution pH, effect of ionic strength and
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dissolved natural organic matter was elaborated. Typically, the effect of all above
mentioned factors on the particle dissolution and kinetics of ionic metal release profiles
i.e., Ag(l), Zn(Il) and Ti(IV) from PEI@AgNPs, PEG@ZnONRs and TiO2NPs were

explored.

4.3.1.1 Kinetics of Ionic Metal release

The kinetics of ionic metal release i.e., Ag(I), Zn(Il) and Ti(IV) from polymer-
coated (PEI@AgNPs and PEG@ZnONRs) and uncoated TiO2NPs was investigated
into RW of three sampling stations i.e., station 1, station 4 & station 7. These RW
samples was selected because of the notable differences in terms of solution pH,
dissolved oxygen (DO), total suspended solid (TSS) and concentration of dissolved
anions and cations (Table 4.3 and Figure 4.9) therefore, the effect of different solution
chemistry on the behavior of metal based NMs can easily be monitored. The choice of
three distinct RW samples on the transport behavior of NMs based on the clear effect of
solution chemistry as reported previously in many reports such as Gao et al., (2009),
Keller et al., (2010) and Praetorius et al., (2012). According to these reports the
reactivity of NMs dispersed in natural waters varies significantly with variation in water
chemistry. Typically, RW solution pH, concentration of dissolved oxygen and
concentration of anions and cations dictated the mobility and reactivity of NMs.
Therefore, in this research RW samples from three different locations i.e., RW station-1,
RW station-4 and RW station-7 were selected because of their sharp differences in
terms of pH, dissolved oxygen and concentration of anions and cations to determine the

transport or mobility of synthesized NMs.

Effect of surface coating
The ICP-MS results (Figure 4.10a, b & c) suggested that the maximum kinetic ionic

metal release was occurred during the first 10-20 min in case of PEI@AgNPs, and 100
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min in case of both PEG@ZnONRs and TiO2NPs. After that, the concentration of ionic
metal was decreased. As can be seen from the figure, in RW Station-7 the efflux of
ionic metal from coated and uncoated NMs were significant, comparing to Station-1 and
Station-4 of lower ionic composition. Typically the ionic metal loss was 1.6%, 8.3%
and 13.6% in Station-1, 2.0%, 10.1% and 15.3% in Station-4, and 3.3%, 12.6% and
19.0% in the case of Station-7 for PEI@AgNPs, TiO2NPs and PEG@ZnONRs,
respectively, suggesting that maximum column retention occurred in order of

PEI@AgNPs > TiO2NPs > PEG@ZnONRs.
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Figure 4.10: Ionic metal release breakthrough curve for experiments conducted in the
column at flow rate 1 ml/min and at 28 °C temperature using RW Station-1(a), Station-
4(b) and Station-7(c). Typically 30 mg/L metal based NMs were added to the column
and RW was flowing (0-160 min). The ionic metal release breakthrough curve obtained
from ZnONNs, PEG@ZnONRs and ZnOMFs of different morphology (d). The kinetic
rate equation calculated fits are shown by the dotted lines.
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The smaller ionic metal loss from PEI@AgNPs indicated that, cationic polymer PEI
coating at the surface of AgNPs encompasses great stability and inhibits the ionic
dissolution and the ionic metal release as compared to anionic PEG coated ZnONRs and

uncoated TiO2NPs.

In Station-7, the ionic dissolution was higher in all metal based NMs and more ionic
metal release was observed. This was because of the higher DO concentration in
Station-7, which significantly favor the oxidative dissolution and ionic metal release.
This behavior was also observed previously (Liu et al., 2010a) when the time dependent
dissolution of ionic silver was observed in the presence and absence of dissolved
oxygen. The study found that the ionic silver dissolution from silver nanoparticles was

facilitated in presence of dissolved oxygen.

Whereas, the dissolution was completely inhibited in deoxygenated water. This
indicated the essential role of dissolved oxygen in the oxidative dissolution and release
of ionic metals. Interestingly, the phenomenon of kinetic ionic metal release was very
low (0.5-2 %) when 30 mg/L metal based NMs was dispersed in deionized water (pH-6)
and passed through the column. This suggested that the 1onic metal loss by dissolution

was largely dependent upon the chemical composition of aqueous medium.

Effect of Particle Size and Morphology

The kinetic ionic metal release from all synthesized ZnO structures was investigated
in RW (Station-1) and presented in Figure 4.10(d). If the size and morphological
features of ZnO structures were compared on the dissolution profiles it is found that, in
ZnONNSs the high ionic metal release was observed compared to PEG@ZnONRs and

ZnOMFs.

97



The difference in dissolution profiles was due to the differences in particle shape and
size that affects transport in terms of attachment or retention of ZnO structures to the
column surface. ZnONNSs owing to its smaller size (length and width) compared to other
two mentioned ZnO structures, exhibited high transport and ionic dissolution rate. This
behavior may be explained well by “size-selective retention”, i.e., preferential retention
of larger particles and elution of smaller particles during the porous media transport
(Wang et al., 2015a). In case of PEG@ZnONRs and ZnOMFs, since both constructed
with similar materials, the less ionic metal dissolution and less column transport was
observed in ZnOMFs which was because of their angular-shaped morphology that resist
the transport in saturated porous media (Knappenberger et al., 2015). The ionic metal
dissolution of ZnONNs, PEG@ZnONRs and ZnOMFs was 13.6%, 12.3% and 11.3%
respectively. All experimental kinetic ionic metal release data were fit using Equation

3.1 and the details of the kinetic parameters and experimental conditions are mentioned

in Table 4.4.

Table 4.4: Experimental conditions and kinetic parameters.

Station 1 Concentration Temperature pH Y (final) k (min)
Ag(D) 5.92 1.6% 0.0049
Ti(IV) 30 mg/L 28 °C 5.95 8.3% 0.0460
Zn(1I) 5.97 13.6% 0.0560

Station 4 Concentration Temperature pH Y (final) k (min)
Ag(D) 6.09 2.0% 0.0018
Ti(IV) 30 mg/L 28 °C 6.11 10.1% 0.0417
Zn(II) 6.12 15.3% 0.0501

Station 7 Concentration Temperature pH Y (final) k (min)
Ag(D) 6.84 3.3% 0.0073
Ti(IV) 30 mg/L 28 °C 6.87 12.6% 0.0620
Zn(II) 6.89 19.0% 0.0770

Morphology Concentration Temperature pH Y (final) k (min)

ZnONNSs 6.02 13.6% 0.0560

ZnONRs 30 mg/L 28 °C 5.97 12.3% 0.0577

ZnOMFs 5.98 11.3% 0.0578
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4.3.1.2 Influence of pH variations

Figure 4.11, illustrates the effect of pH variation on stability of PEI@AgNPs.
Interestingly, as the pH of the solution in dissolved oxygen increases, the absorption
maxima were slightly red shifted along with peak broadening (Figure 4.11a). This effect
was due to the reduction in particle-particle repulsive interactions among the cationic
PEI@AgNPs by the addition of —OH ions. The reduction in repulsive forces results in
the cross-linking among the particles through hydrogen bonding of axial amine groups
of the polymer (Lin et al., 2008a). The red-shifted absorbance due to cross-linking also
decreased the zeta-potential values (Figure 4.11b) due to the involvement of surface

amine groups by increasing medium pH (Akaighe et al., 2012).

Figure 4.11: The effect of pH on PEI@AgNPs in DW (a) and RW (c) and the
corresponding zeta potential values of PEI@AgNPs under different solution pH of DW
and RW (b).
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To check the effect of pH variation in three RW samples i.e., pH-5.6, 6.0, and 6.8,
these particles were subjected to introduce in Station-1, Station-4 and Station-7,
respectively. The changes occurred in the surface plasmon resonance (SPR) feature at
427 nm were recorded at 28 °C after 2 hours. The result revealed that these particles
rapidly undergo dissolution by releasing ionic metal from the outer polymer layer
(Figure 4.11c). As shown by the figure, the peak intensity of PEI@AgNPs lowered as
the RW pH increases, however, no peak broadening and shifting to higher frequency
was observed. These results suggested that in the case of DW the broadening and
shifting in absorption peak was due to more compact structure and cross-linking among
the particles (Sato et al., 2003). This cross-linking of PEI@AgNPs might play a role in
the wrapping of NPs and therefore prohibiting the rapid release of ionic metal (Soliman

et al., 2015).

Also, as can be seen from the zeta potential analysis (Figure 4.11b), the cationic
charge on the PEI@AgNPs surface greatly decreases when exposed to RW. This
decrease in surface charge values confirmed the disintegration of the outer polymer
layer by medium constituents. In DW, the slight decrease in cationic charge was may
be due to the involvement of surface amine groups in cross-linking among the

particles.
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Figure 4.12: Ionic metal release profile from PEI@AgNPs, PEG@ZnONRs and
TiO2NPs under solution pH (5.6, 6.0, and 6.8).

In contrast, no such phenomenon of cross linking was observed when
either PEG@ZnONRs or TiO2NPs was exposed to deionized water of similar RW
pH (pH 5.6, 6.0 and 6.8). More specifically, the absorption spectra of both
PEG@ZnONRs and TiO2NPs were slightly decreased due to electrostatic repulsion
between negatively charged surface group and added OH- ions. The ionic metal
release profile from metal based NMs in all three solution pH is presented in Figure
4.12.

As figure represents, ionic metal release from metal based NMs increases as the
solution pH increases from 5.6-6.8. However, the minimum ionic release (0.5%) was
observed in case of PEI@AgNPs compared to PEG@ZnONRs and TiO;NPs which
was 3% to 2% respectively. Previous study has shown that the particle dissolution
and ionic metal release was decreased approximately 3 fold as the pH values
increases from 5.68 to 8 (Liu et al., 2010a).

However, this study attribute to the different outcome of result and ionic metal

release was predominant with increasing pH values from 5.6 to 6.8, which may be
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due to the specific solution chemistry of river water used in this study. In addition to
this, another research report (Miao et al., 2010), concluded that the dissolution of
ionic metal from metal nanoparticles was found to be pH dependent and quick

dissolution occurred with substantial change of solution pH.

4.3.1.3 Effect of Ionic Strength (IS)

The surface water bodies typically consist of dissolved concentration of monovalent
and divalent salts, which determine its reactivity and eventually dictates the fate and
transport of nanomaterials (Lanphere et al., 2014). The complexity of RW depends on
the presence of several anions, cations and certain dissolved organic and inorganic
molecules at water interface (Pensini et al., 2012). In order to characterize the effect of
ionic strength of both monovalent (KCI, NaCl) and divalent (CaCl,, MgCl) salts, the
coated and uncoated metal based NMs were dispersed in DW with salt concentrations
ranging from 2-10 mM. This range of ionic strength was selected because it is more
relevant to the natural aqueous environments. The aqueous solution of metal based NMs
with variable ionic strength were then pass through the column and the dissolved ionic

metal concentration was investigated through ICP-MS analysis.

Figure 4.13, illustrates the concentration of ionic metal release from coated and
uncoated NMs under the influence of monovalent Figure 4.13(a, b) and divalent salts
Figure 4.13(c, d). In monovalent salt the ionic metal release was (2.6% - 3.3%) from
PEI@AgNPs, 7.0% - 14.3% from TiO2NPs and 8.3% - 26% from PEG@ZnONRs.
Whereas, in divalent salts 2.6% - 3.6% from PEI@AgNPs, 8.3% - 10% from TiO>NPs
and 14.3% - 16.6% ionic metal release was observed from PEG@ZnONRs respectively.
The minimum ionic metal release from PEI@AgNPs in turn, revealed the stability of

PEI@AgNPs after exposure to both monovalent and divalent salts.
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It was assumed that due to the PEI surface shielding, the Cl™ ions from monovalent
and divalent salts accumulate at the surface by forming ionic double layer. However,
only little oxidative complexation and ionic metal release occurred which was
consistent with previous report (Kent et al., 2012). These results revealed that, the PEI
coating predominantly resists the oxidative dissolution resulting in less ionic metal
release from PEI@AgNPs. Whereas, in the case of PEG@ZnONRs and TiO>NPs, the
maximum ionic metal release were observed at 2 mM NaCl salt concentration. As the
concentration of salts increases from 2 mM to 10 mM, the addition of more CI" ions
resulted in particle-particle interaction which leads to the aggregation and particle
settling (Badawy et al., 2010). The result indicated that, in KCI solution the dissolution

rate increases from 2-6 mM in case of all metal based NMs.
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Figure 4.13: Effect of monovalent (a, b) and divalent salt (c, d) concentrations (2-10
mM) on the ionic metal release from coated PEI@AgNPs (red lines), PEG@ZnONRs
(green lines) and uncoated TiO>NPs (blue lines).
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However, further increase in KCl1 concentration leads to the decrease in ionic metal
release, particularly in case of PEG@ZnONRs due to increased column retention or
aggregation state. Interestingly, in case of divalent salt (MgCly) both coated and
uncoated NMs were less susceptible to both ionic metal release and retention. Similarly,
the minimum retention was observed at all tested concentration of CaCl,, This effect

may be due to the smaller diffusion coefficient of CaCl, salts (Yang et al., 2014).

Consequently, these result suggested that, metal based NMs in the presence of
divalent salts will be more resistant to aggregation and will be more mobile in the
natural water bodies compared to monovalent salts. Since PEI@AgNPs was most stable
towards ionic metal release and aggregation, the kinetic sedimentation rate
PEI@AgNPs (in both types of salts) was investigated for one month. The aggregation or
sedimentation rate was investigated through a change in absorption maxima at 427 nm.
For this purpose, we employed UV-visible measurements because of the fact that
surface plasmon resonance (SPR) clearly reveals the colloidal stability of PEI@AgNPs
(Akaighe et al., 2012). As can be seen from Figure 4.14(a, b), the incubation with KCl
resulted in the greater decrease of SPR at 427 nm after 4 weeks of incubation than with

MgCl,.

This support our earlier result that in divalent salt NMs was less coagulated and less
aggregated and therefore can travel a longer distance when exposed to natural water of
higher divalent salt formulation. In a previous study by Huynh et al., (2011), it was
reported that polymer surface coating increases the particles stability towards
aggregation and hence more ionic metal dissolution was possible. A similar finding was
observed in this study when metal based NMs were exposed to CaCly (10 mM),
maximum dissolution with no aggregation was observed. Therefore, it is reasonable to

conclude that aggregation may quench the NMs dissolution in monovalent salts (Huynh
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et al., 2011) through electrostatic destabilization of outer polymer layer (Chen et al.,

2006).
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Figure 4.14: The aggregation rate of PEI@AgNPs in presence of KCI (a) and MgCl»
(b) for 1-4 weeks, respectively. The PEI@AgNPs was incubated with 1-10 mM salt
concentration in DW and absorbance was recorded at 427 nm at 28 °C.

Basically, the aggregation behavior was due the increased coagulation of metal based
NMs in monovalent salts. As the degree of coagulation increases, the electrostatic
repulsion decrease at the surface of NMs. Therefore, in the case of monovalent salts, the
aggregation rate was higher due to coagulation of the system which was in accordance
with a previous report (Li et al., 2011b). This indicates that, the dissolution or
aggregation of metal based NMs was highly dependent upon the type and concentration

of 1ionic salts.

Altogether, the oxidative dissolution or aggregation is a significant factor that
controlling the extent of ionic metal release from metal based NMs. Furthermore, it is
also obvious that like previous study (Li et al., 2010) the dissolution of metal based
NMs is highly dependent upon the type of ionic salts and its concentration.
Furthermore, based on the above results, it is suggested that the surface coating plays an

important role to resist the dissolution and release of ionic metal. However, the type and
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concentration of electrolyte play an important role in aggregation, dissolution, and ionic

metal release behavior and determine the mobility of NMs in natural aquatic systems.

4.3.14 Effect of Natural organic matter (NOM)

To determine the behavior of metal based NMs in natural aqueous medium, the
effect of NOM was also investigated through column transport study. Figure 4.15,
representing the effect of NOM on the transport and retention of metal based NMs. The
% elution or column transport of PEI@AgNPs, PEG@ZnONRs and TiO>NPs was
increased in natural RW (Station-7) in the presence of NOM as compared to the

synthetic water in the absence of NOM.

This behavior was due to the adsorption of NOM at the surface of NMs which
resulted in increased negative surface potential of NMs (Findlay et al., 1996). As
reported in earlier report by Leenheer, (2007), NOM are negatively charged substances
due to the presence of hydroxyl, carboxyl and amino functional groups. The presence
of these functional groups at the surface of NOM imparts negative surface potential to
the NMs after being adsorbed at the surface. The increase in negative surface potential
at the surface of NMs was also observed previously when metal nanoparticles were
coated with NOM (Zhang et al., 2009). This increased surface potential resulted in
electrostatic repulsion among particles and there by decreases the propensity of NMs to

aggregate (Zhang et al., 2009).

This repulsion resulted in the reduced column attachment for all three metal based
NMs and consequently more column elution was observed. In the case of
PEG@ZnONRs, more % elution was observed as compare to TiO>NPs because of high
zeta-potential value (Table 4.1) which confers higher electrostatic repulsion and

comparatively more % elution was observed. However, in case of PEI@AgNPs, the
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presence of NOM in solution change the surface charge from positive to slight negative

and increase the extent of column transport or % elution capability of PEI@AgNPs.

Figure 4.15: The % elution of PEI@AgNPs, PEG@ZnONRs and TiO2NPs in the
presence and absence of NOM.

To confirm the adsorption of NOM at the surface of NMs, the zeta-potential analysis
of all three metal based NMs was carried out. As shown in Figure 4.16, in the presence
of NOM, the zeta-potential values of all metal based NMs was negative regardless of
their original zeta-potential values. After NOM adsorption at the surface, the zeta-
potential value for PEI@AgNPs changed from +17 mV to -10 mV, for PEG@ZnONRs
from -21 mV to -32 mV and in case of TiO2NPs zeta-potential value changed from -17
mV to -25 mV respectively. It indicates that NOM imparted negative charge to NMs
surfaces and increased their absolute surface potentials as reported previously (Zhang

et al., 2009).
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Figure 4.16: The Zeta-potential values of PEI@AgNPs, PEG@ZnONRs and TiO2NPs
NMs in presence and absence of NOM.

It was also evident that, in the presence of NOM the surface coating of NMs (both
negative and positive) had a less impact on the transport potential of NMs and was
mainly determined by the adsorption of NOM at the surface. This effect was also
observed previously when gold nanoparticles stabilized with different capping agents
were reacted with NOM (Stankus et al., 2010). The mechanism of NOM adsorption at
the surface of PEI@AgNPs was electrostatic attraction between positively charged
particles and negatively charged NOM, which was confirmed by negative surface of
PEI@AgNPs in zeta-potential analysis (Figure 4.16). Whereas in PEG@ZnONRs and
TiO2NPs, the adsorption affinity of NOM may be due to the ligand exchange between
the carboxyl/hydroxyl groups of NOM and the hydroxyl groups on the PEG@ZnONRs
and TiO>NPs surface as discussed in detail in earlier report (Wang et al., 2016b). Thus,
the presence of NOM influences the behavior of NMs by adsorption or surface coating,
resulting in NMs surface transformation which provides stability to the NMs towards

aggregation in natural water as reported by Findlay et al., (1996).
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4.3.2 Behavior of Carbon Based NMs

Figure 4.17, represented the observed breakthrough curve (BTCs) for the transport
of CNPs and GOQDs in RW samples of different ionic compositions. The experimental
breakthrough curves described well with model advection dispersion equation
(Equation 3.2) with all the R? values higher than 0.90. As shown by the BTCs, the
transport of CNPs was greater in all experiments as compared to GOQDs and more
CNPs were eluted from the column. If the size and zeta potential values of both NMs
were compared (Table 4.2) it was notable that the particle size of CNPs is smaller

whereas, the zeta potential value is higher than the GOQDs.

As it was reported earlier (Zhou et al., 2016) that the less negative zeta potential
value bound to induce weaker electrostatic repulsion forces between the particles and
therefore more column retention was observed in GOQDs. This suggested that the
transport behavior of both NMs is largely dependent upon the particle size and zeta
potential value and more transport occurred with smaller particle size and higher zeta

potential value.
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Figure 4.17: Breakthrough curves (BTCs) for the transport experiments of CNPs and
GOQDs in RW Station-1 (a), Station-4 (b) and Station-7 (c) samples. The model
calculated transport fits are shown by the black dotted lines.

From all these three transport experiments, it was also observed that the elution
concentration of both NMs decreases as the ionic composition of dissolved substances
increases from RW Station-1, Station-4 & Station-7 samples. This result is consistent
with previous report (Zhou et al., 2016) when graphene oxide transported through
column at low ionic strength (1 and10 mM) whereas, greater column retention occurred
at higher ionic strength value i.e., 100 mM. Typically in the BTCs, the peak effluent
concentrations (C/C,) max at Station-1 was 1.5 times higher in the case of CNPs and
1.9 times higher in case of GOQDs as that of Station-7. The peak effluent

concentration (C/C,) max was decreased from 0.12-0.09 and 0.1-0.06 for CNPs and

GOQDs respectively, from Station-1 to Station-7. It means that the concentration of
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eluted NMs or the transport of NMs is largely controlled by the ionic composition of
RW. This effect of decreased BTC plateaus due to increased ionic strength was also
observed previously (Jiang et al., 2012). Basically, the increased ionic strength of
solution resulted in the column flocculation (Lin et al., 2010) and therefore less

transport and more column retention of NMs were observed.

Figure 4.18, represents the spatial distribution of retained CNPs and GOQDs in the
column right after the transport experiments. As figure shows, the retention of GOQDs
was higher than the CNPs which also reflect the result of a transport study
(Figure 4.17). The retention of both NMs decreases as the distance from the

column inlet increases.
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Figure 4.18: The column retention profile of CNP (a) and GOQDs (b) in RW samples
from Station-1, Station-4 and Station-7.

Similar to column transport, the retention of NMs into the column was strongly
dependent on the ionic strength of the solution and more retention was observed in
the high ionic strength solution i.e., Station-7. These retention profiles are consistent
with the previous work (Fan et al., 2015) which showed that the retention of graphene

oxide in sand column was strongly dependent on ionic strength resulting serious
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deposition rates (Ry) at the higher ionic strength values. Therefore, it is anticipated that
the retention profiles or column attachment of both NMs increases as the ionic strength

of the solution increased.

4.3.2.1 Effect of Solution pH

Figure 4.19, revealed the effect of pH on the behavior of CNPs and GOQDs. Sharp
BTCs were observed at 10 pore volume for all three solution pH i.e., pH=5.6 (a),
pH=6.0 (b) and pH=6.8 (c). Similarly, during the rinse phase of column transport
experiment, the normalized effluent concentration (C/Co) decreased sharply to almost
zero when particle free solution was fed to the column. The mathematical model fit
(Equation 3.2) closely matched the experimental BTCs for CNPs and GOQDs at all pH
values with R? higher than 0.92. As depicted by the figure, sharp BTCs was observed
for CNPs at all tasted solution pH with little to no column retention. On the contrary,
small BTCs was observed for the transport of GOQDs particularly at lowest pH (pH-
5.6), realizing the fact that, the transport of GOQDs was more susceptible to solution
pH. Typically, the peak effluent concentration (C/Co) max for CNPs was 0.5 = 0.02, 0.5
+0.01 and 0.45 £ 0.02 for pH values 5.6, 6.0 and 6.8 respectively. While, C/Co values
for GOQDs were in the order of 0.2 = 0.01, 0.4 £ 0.03 and 0.3 + 0.03 for pH values 5.6,

6.0 and 6.8 respectively.

The model results also demonstrated that solution pH had influence on the retention
and transport of GOQDs. The pH dependent transport phenomenon was also observed
previously when CeO> nanoparticles were transported through porous column transport
(Li et al., 2011d). According to this study, the transport of CeO, nanoparticles was
inhibited which was evident from little to no BTCs, when solution pH was decreased

from pH-9 to pH-3 indicating the stronger attachment of CeO- to the column surface.
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Figure 4.19: Breakthrough curves (BTCs) for the transport experiments of CNPs and
GOQDs at pH 5.6 (a), 6.0 (b) and 6.8 (c). The model calculated transport fits are
shown by the black dotted lines.

Similar trend was observed in this study when GOQDs was transported at pH values
from pH-5.6 to pH-6.8. In addition to this, another recent report concluded that pH has
a significant influence on the transport of graphene oxide nanoparticles which was
decreased from 51.7% to 40.3% when solution pH decreased from 9.5 to 4.5 (Dong et
al., 2017). The reason of low transport behavior of GOQDs compared to CNPs may be
explained well by surface potential values. As presented in Table 4.2, the zeta-potential

value for GOQDs was lower than CNPs which were -24 mV and -40 mV respectively.
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The low transport of GOQDs at pH-5.6 is attributed to the fact that, GOQDs
contains small amounts of surface hydroxyl (OH") functional groups in contrast to
CNPs, which can dissociate at relatively low pH values (pH 5.6) resulting in less
negative surface charge, less electrostatic repulsion and more column deposition (Dong
et al., 2017). This suggested that surface potential has a strong influence on the
transport behavior of carbon based colloids. Therefore, CNPs with high surface
charge was more stable towards all three solution pH with little to no column
deposition. On the other hand GOQDs transport was retarded at lower pH value (pH-

5.6).

4.3.2.2 Effect of Ionic Strength

For the transport behavior study of both carbon based materials, the effect of
monovalent salt (NaCl) and divalent salts (CaClz) was also taken into consideration.
For this purpose these two salts were selected because Na* and Ca®* are the dominant
cations present in most natural aqueous medium (Lanphere et al., 2014). Figure 4.20,
represented the breakthrough curves for the transport and retention behavior of

CNPs and GOQDs in presence of NaCl (a, ¢) and CaCl; (b, d).

The transport of CNPs and GOQDs just like metal based NMs (Figure 4.13), were
more susceptible to column retention towards monovalent salt/NaCl (Figure 4.20a, c).
Whereas, the transport of both NMs was less susceptible towards divalent salt/CaCl,
(Figure 4.20b, d) with little column retention. Results revealed that the presence of
NaCl with varying aqueous concentrations, resulted in the maximum retention of both
NMs which was evident from the concomitant decrease in breakthrough curves at

NaCl concentrations 2-10mM.
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The peak effluent concentration (C/Cy) max at maximum NaCl concentration (10
mM) was decreased from 0.8 + 0.02 to 0.3 + 0.01 in case of CNPs (Figure 4.20a) and
from 0.60 = 0.02 to 0.25 £ 0.03 in case of GOQDs (Figure 4.20c) respectively.
However, this significant decrease in peak effluent concentration (C/Co) max was not
such prevalent in case of CaCl, even at maximum concentration of 10 mM. The peak
effluent concentration (C/Cy) max was decreased from 0.8 £+ 0.02 to 0.6 = 0.01 in case
of CNPs (Figure 4.20b), and from 0.65 + 0.03 to 0.45 £ 0.01 in case of GOQDs (Figure

4.20d) respectively in presence of 10 mM CacCl,.

The total deposition rate (Rq) calculated from the mass recovery of added NMs in
presence of NaCl (10 mM) at pH value 6.8, was 63% in case of CNPs, and 45% in case
of GOQDs. Whereas, the Rq were 25% for CNPs and 23% for GOQDs in presence of
CaCl, (10 mM), respectively. This suggested that the transport behavior of both carbon
based NMs was strongly influenced by the concentration of monovalent salt/NaCl.
While in the presence of divalent salt/CaCly the transport of CNPs and GOQDs was
less affected. These results were consistent with previous report when gold
nanoparticles were transported in saturated porous media in presence of NaCl (Afrooz
et al., 2016). According to this study the transport behavior of gold nanoparticles was
significantly decreased as the concentration of NaCl electrolyte increases from 1 mM
to 100 mM and lowest break through profile was observed at 100 mM NaCl

concentration.

The mechanism of CNPs and GOQDs decreased transport behavior in presence of
NaCl can be described well with previous report (Chowdhury et al., 2013) that this
behavior was because of the cation bridging effect with increasing NaCl concentration.
This cation bridging between surface hydroxyl (OH") of carbon based colloids and

added NaCl, resulting in the progressive deposition of electronegative CNPs and
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GOQDs as the concentration of NaCl increased. Analogous finding of cation bridging
was also observed in earlier reports for the transport of several other carbon-based

materials (Bouchard et al., 2009; Saleh et al., 2008).

In presence of CaCl, (2-10 mM), the BTCs for CNPs and GOQDs were also
decreased to some extent. However, the retention of both NMs was about 38% to 22%
lower as that of retention observed in presence of NaCl (2-10 mM). The minimum
column retention observed in presence of CaCl, may be due to the smaller diffusion

coefficient of CaCl; salts as observed before (Yang et al., 2014).
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Figure 4.20: Breakthrough curves (BTCs) for the transport of CNPs (a, b) and GOQDs
(c, d) in presence of monovalent (NaCl) and divalent (CaCly) salts with concentration
range varied from 2-10 mM respectively at pH value 6.8.
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4.3.2.3 Effect of Natural Organic Matter (NOM)

Figure 4.21, illustrates the effect of NOM on the transport behavior of CNPs and
GOQDs. As figure represents, the percent elution of both NMs slightly
enhanced in the presence of dissolved NOM in RW (Station-7) compared to the
synthetic water in the absence of NOM. Likewise metal based NMs, this effect may
be due to the adsorption of NOM at the surface of carbon based NMs which
increases the particle-particle repulsion between the negatively charged NMs and
dissolved NOM. This repulsion was also confirmed by less column attachment and
more elution as was also observed in previous report (Afrooz et al., 2016). The
increased % elution or mass recovery values obtained in this study correlate well with
the stability characterization results obtained from the literature for the transport of

NDMs in the presence of NOM (Godinez et al., 2013; Wang et al., 2013a).
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Figure 4.21: The % elution of CNPs and GOQDs with or without NOM.

According to these reports, as the NOM adsorbed at the surface of nanoparticles, a
decrease in column attachment and an increase in relative mass recovery of
nanoparticles were observed, suggesting that the presence of NOM enhances steric

hindrance among the particles and subsequently particle stability during transport. This
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observation is in agreement with what was observed in this study, when CNPs and
GOQDs transport were investigated in presence of NOM. The interaction of graphene
oxide nanoparticle with NOM was also observed in earlier study showing that graphene
oxide exhibited specific interaction with NOM via functional group association under
electrostatically unfavorable condition (Chowdhury et al., 2014). Hence, it is
anticipated that, presence of NOM in natural water play vital role on the transport of
carbon based colloids as reported before (Franchi et al., 2003; Qi et al., 2014b). To
confirm the adsorption of NOM at the surface of carbon based NMs, zeta potential analysis
was performed. Figure 4.22 displaying the effect of NOM attachment at the surface of

carbon based NMs.

Figure 4.22: The Zeta-potential values of CNPs and GOQDs in the presence and
absence of NOM.

As shown by figure the zeta-potential values of both NMs increased in the presence of

NOM. Typically in case of CNPs, the surface potential change from -40 mV to -44 mV

whereas, in case of GOQDs the zeta-potential value modified from -24 mV to -27 mV. It
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means that the NOM adsorbed at the surface of carbon based NMs and provide stability
via electrostatic repulsion among particles (Wang et al., 2015b). This enhanced
stability resulted in improved transport potential of both CNPs and GOQDs.
Consequently, these results depicted that the transport behavior of carbon based NMs
selected in this study, was mainly controlled by factors such as, ionic composition of

solution, solution pH and surface potential of CNPs and GOQDs.

4.4 Mobilization of Metal Based NMs into the Plant

This study evaluated the physiological impact, uptake and distribution of negatively
charged PEG@ZnONRs and TiO>NPs of different shape and sizes, on the growth of
red bean (Vigna angularis) model plant. Since the dissolution rate of PEI@AgNPs was
lower than PEG@ZnONRs and TiO>NPs (Figure 4.10) therefore, for plant mobilization
behavior PEG@ZnONRs and TiO;NPs were studied. For this study, the red bean
model plant was selected to evaluate the toxicity of PEG@ZnONRs and TiO>NPs
because these types of beans are widely consumed in a variety of recipes around most
of the Asian countries and can easily be grows even in the lab under mild

environmental conditions.

The objectives of this study are, to determine the comparative physiological and
biochemical impact of PEG@ZnONRs and TiO2NPs on red-bean plant growth (1), to
investigate the effect of exposure period on the kinetic uptake and tissue distribution of
both PEG@ZnONRs and TiO,NPs (2), and to evaluate the competitive uptake and
translocation of PEG@ZnONRs and TiO;NPs in mixture of both materials (3)

respectively.
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4.4.1 Physicochemical Properties of PEG@ZnONRs and TiO:NPs

The physicochemical properties of PEG@ZnONRs and TiO>NPs in suspension are
presented in the Table 4.5. As can be seen from the table, the sizes of both materials in
suspensions was increased compared to its dry solid state (Figure 4.3) which largely
depend upon the pH of the solution. The reason of increased size may be explained
well when PEG@ZnONRs and TiO;NPs immersed in the water, the surface of the
particles was hydrolyzed because of the physically and chemically adsorbed polar

water molecules (Adams, 1988).

For instance, the average diameter of PEG@ZnONRs was increased from 64 nm to
493 + 3.01 nm whereas, in case of TiONPs the maximum particles diameter in
suspension was observed to increase from 89 nm to 440 + 0.87 nm. Furthermore, as the
pH of the solution decreases from 7.8-7.5 in PEG@ZnONRs and 7.5-6.9 in TiO2NPs
the zeta potential values were also varied considerably. This behavior was also
observed previously (Jiang et al., 2009) that the surface charge (zeta potential) and

consequently the hydrodynamic diameter can be altered by changing the solution pH.

However, in the case of the mixture of both NMs, as the pH value decreases, the
corresponding particle size decreases whereas zeta potential values increases. The
reason of this variation is unknown, but it was assumed that in each suspension the
changes in the sizes metal nanoparticles were largely depend on the aggregation state

and pH of the solution.
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4.4.2 Physiological impacts on plant growth
4.4.2.1 Effect of PEG@ZnONRs and TiO2NPs on Seed Germination

As shown in Figure 4.23, the % germination was significantly enhanced particularly
at concentrations 20 pg/mL to 100 pg/mL under exposure of both NMs. The mean
values of the % germination for PEG@ZnONRs and TiO>NPs were compared using
one-way ANOVA statistics and found to be significant (p < 0.05) as compared to
control test (0 pg/mL). Basically, metal-oxide suspensions increases the water uptake
capacity in a concentration dependent manner (Figure 4.24) and enhance the %
germination as was also observed previously (Khodakovskaya et al., 2009). The overall
change in % germination was 32% and 34% in suspensions of both PEG@ZnONRs and

TiO2NPs, respectively.

Figure 4.23: Effect of PEG@ZnONRs and TiO2NPs suspensions (20-200 pg/mL) on
% G. The % G data of both NMs were compared using one-way ANOVA statistics and
found to be significant (p < 0.05) when comparing to control (0 pg/mL).
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Figure 4.24: The total weight of the red-bean seeds after germination without (0) or
with PEG@ZnONRs and TiO>NPs concentration (20-200 pg/L). Total weight of seeds
increases due to increase in water uptake capacity under PEG@ZnONRs and TiO2NPs
exposure.

The effect of both NMs mixture on the % germination was also examined and found
that mixture of both NMs decreases the % germination by 30% compared to control (0
png/mL) which may be due to the counter ion effect and competition among the particles
which resulted in less water uptake and reduced % germination. To investigate the
penetration of PEG@ZnONRs and TiO>NPs into the seed coat, the FESEM analysis
with EDS and FTIR studies of grounded cotyledon powder was carried out. The
FESEM images of a cotyledon cross section with EDS spectra (Figure 4.25), revealed
that both NMs successfully penetrated into the cotyledon and significantly increases the
% germination. To investigate the penetration of PEG@ZnONRs and TiO>NPs into the
seed coat, the grounded cotyledon powder was investigated through the FTIR

observation.

As depicted by Figure 4.26, the concentration dependent increase in vibrations

around 500 cm™ and 550 cm™ were observed which provide direct evidence for the
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internalization of PEG@ZnONRs and TiO:NPs into the cotyledon resulting in

noticeable variation in seed germination.

I Hwranl

e

Figure 4.25: FESEM images with EDS elemental spectra of cotyledon cross section
exposed to 20 pg/mL PEG@ZnONRs (a) and TiOoNPs (b). The arrow heads
representing the seeds covered by NMs.
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Figure 4.26: FTIR spectra of red bean cotyledon after exposure to PEG@ZnONRs (a)
and TiO2NPs (b) at concentration 40, 60, 100, 200 ng/mL. Each cotyledon was dried at
80 °C for 5 hours, grounded into a fine powder and their respective FTIR spectra were
taken at the ATR mode.
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4.4.2.2 Effects on root /shoot length

Figure 4.27(a, b), disclose the effect of PEG@ZnONRs and TiO>NPs suspensions on
roots and shoots elongation. Results revealed that unlike previous study (Mukherjee et
al., 2014), PEG@ZnONRs significantly inhibit (p < 0.05) the roots growth particularly
at concentrations 40 pg/mL and 60 pg/mL when comparing to the control (0 pg/mL).
Whereas, the shoot length were predominantly increased at concentrations 100 pg/mL
and 200 pg/mL that was approximately ~3.5 times higher than the control. Table 4.6
revealed that the particle sizes of PEG@ZnONRs at concentrations 80 pg/mL and 100
pg/mL were quite bigger than 40 pg/mL and 60 pg/mL which limit their mobility across

the roots tissues and therefore, no significant growth inhibition was observed.

Since the root tissues have smaller pores, through which only limited particles size
less than several nm may freely pass. Thus, particles with diameters larger than the
pores would be restricted in their ability to penetrate (Carpita et al., 1979). Therefore,
fewer particles were internalized from suspensions of 80 pg/mL to 200 pg/mL and
comparatively less root inhibition was observed. It was also noted that the
internalization of PEG@ZnONRs in the root tissues was independent of corresponding
zeta potential values (Table 4.6) and largely depends on the particle size and their

concentration of dissolved ions.

Conversely, all exposed concentrations of TiO>NPs stimulate both roots and shoots
growth with significant (p < 0.05) root and shoot growth at 20 pg/mL and 60 pg/mL to
200 pg/mL, respectively. The root elongation depended upon the particle size in
suspensions. For example, the more root elongation was observed with less particle size
of TiO2NPs. In addition, it was interesting to note that the shoots length were higher

when the zeta potential values of PEG@ZnONRs and TiO,NPs were higher.
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Figure 4.27: The corresponding effect of PEG@ZnONRs and TiO2NPs concentration
(0-200 pg/mL) on roots (a) and shoots (b) length of the red bean plant after one week
of exposure. The bars with asterisks represents significant values (p < 0.05) compared
to control (0).

This effect was due to the fact that particles with the less negative charge binds to the
root tissues more effectively as the root surfaces are also negatively due to the presence
of abundant polysaccharides and glucuronic acid units (Meychik and Yermakov, 2001).
Therefore, particles with higher negative charge produce counter effect and were
efficiently translocate into the plant shoots rather than accumulation into the roots
tissues. Furthermore, it was also reported previously (Zhu et al., 2012) that the
negatively charged particles accumulated into the root tissue to a lesser extent and move

across the root epidermis into plant shoot.

The plants grown under co-exposure treatment of both PEG@ZnONRs and

TiO2NPs, revealed that the roots and shoots length was quite similar to the control
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values i.e., at 0 pg/mL and no significant change was observed. Overall, the effect of
PEG@ZnONRs on roots growth was negative whereas, TiO>NPs promoted the growth
of both roots and shoots. The positive growth impact of TiO2NPs was also reported in
previous reports (Hong et al., 2005; Yang et al., 2006) when spinach plant was grown in

presence of TiO2NPs,

4.4.3 Biochemical impacts on plant growth
4.4.3.1 Total chlorophyll content, Carotenoids and Lipid peroxidation
Figure 4.28, represented the significant reduction in the total chlorophyll content, and
carotenoids particularly in case of PEG@ZnONRs exposed leaves. As shown by the
figure, both total chlorophyll content and carotenoids like earlier reports (Nair and
Chung, 2014; Rao and Shekhawat, 2014) was decreased at all PEG@ZnONRs treated
leaves. This reduction negatively affects the plant ability to quench oxidative stress as

also observed previously (Sharma and Hall, 1991).

Typically at 40-80 pg/mL of PEG@ZnONRs suspensions, the total chlorophyll
content and carotenoids was significantly decreased (p < 0.05) after one week exposure
respectively. This significant reduction in the total chlorophyll content and carotenoids
was due to increased lipid peroxidation level significantly at 40, 60 and 80 pg/mL of
chloroplast membrane generated by reactive oxygen species (ROS) as described in

previous report (Mukherjee et al., 2014).
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Figure 4.28: Comparison of the total chlorophyll content, carotenoid and lipid
peroxidation in plant leaves grown in PEG@ZnONRs and TiO2NPs suspensions for
one week treatment. Error bars representing the mean = SE (n = 3). Bars with an
asterisk symbol show statistical significant values.

At 100 pg/mL and 200 pg/mL PEG@ZnONRs concentrations, the reduction of the
total chlorophyll content and carotenoids and production of lipid peroxidation was low
due to the more particle aggregation state at these concentrations. This consequently
resulted in less uptake and less oxidative damage to plant leaves. In contrast to
PEG@ZnONRs, the total chlorophyll content production was promoted (10%) and no
decreased carotenoids and increased lipid peroxidation was observed at any

concentration of TiO>NPs.

It was believed that, TiO,NPs stimulated the nitrogen adsorption by plant tissues,

significantly promote the photosynthesis and greatly improve the growth (Hong et al.,
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2005; Yang et al., 2006). The effect of PEG@ZnONRs in plant leaves exposed to two
weeks and three weeks was also investigated and found that, the observed decreased in
the total chlorophyll content and carotenoids, and the increase in lipid peroxidation level

was nearly constant and no significant change was observed (Appendix B).

This observation contradicts the earlier report (Mukherjee et al., 2014) and revealed
that the decrease in the total chlorophyll content was prominent during the one week of
plant growth by inhibiting the photosynthetic process. However, the difference observed
was may be due to changes in experimental conditions and the properties of
PEG@ZnONRs used. The results obtained from PEG@ZnONRs and TiO,NPs co-
exposure manifested that, co-exposure of PEG@ZnONRs and TiO;NPs mixture failed
to produce any significant change in terms of the total chlorophyll content, carotenoids

and lipid peroxidation level compared to control value (0 pg/mL).

4.4.3.2 Oxidative Stress and Antioxidant Enzyme Activity

Antioxidant enzymes defense system, such as catalase, glutathione reductase,
superoxide dismutase and ascorbate peroxidase protects the plants against oxidative
stress (Foyer and Shigeoka, 2011). To investigate the effects of PEG@ZnONRs and
TiO2NPs on plant antioxidant defense system, the activities of all above mentioned
enzyme were investigated. Figure 4.29 & 4.30, displays the catalase, glutathione
reductase, superoxide dismutase and lipid peroxidation activities in plant roots and
shoots exposed to PEG@ZnONRs (Figure 4.29) and TiO>NPs (Figure 4.30) for one
week treatments. Results showed that, there was a significant (p < 0.05) decrease in the
catalase and glutathione reductase activity at concentrations 40 pg/mL and 60 pg/mL in
plant roots exposed to PEG@ZnONRs compared with that of control (0 pg/mL). On the
other hand, no significant change was observed in shoots tissues at all PEG@ZnONRs

concentrations may be due to less translocation of PEG@ZnONRs in shoot tissues.
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Contradictory, the catalase, and glutathione reductase activity was unaltered in both

roots and shoots at all tasted TiO>NPs concentrations (Figure 4.30).

This recommended that, PEG@ZnONRs predominantly produced oxidative stress,
particularly in the plant roots which also reflected in retarded root growth (Figure 4.27).
Reduction in root length was in good agreement with previous report (Priester et al.,
2012) when soybean plant grown in presence of ZnO nanoparticles. At concentrations
40 pg/mL, 60 pg/mL, and 80 pg/mL the superoxide dismutase, and at concentrations 60
pg/mL and 80 pg/mL the ascorbate peroxidase activities, significantly (p < 0.05)
increased which indicate an increased ROS generation in roots tissues as observed

previously (Xu and Chen, 2011).

The stimulated activities of both enzymes in response to metal toxicity was also
observed previously and believed to reduce the oxidative damage produced in plants
(Sharma et al., 2012). Nevertheless, no significant change in activity of superoxide
dismutase and ascorbate peroxidase was observed at any concentration of TiO>NPs
suggesting no stress development due to overproduction of ROS. Additionally, the plant
grown in the mixture of PEG@ZnONRs and TiO,NPs, showed no evidence of
significant oxidative stress via inhibiting catalase and glutathione reductase and no
enhanced activities of superoxide dismutase and ascorbate peroxidase was observed

compared to control treatments.

These altered toxicity compared to individual metal-oxide exposure was also
observed previously (Tong et al., 2015) when toxicity of ZnO and TiO; was evaluated in
bacterial cells in a single and co-exposure approach. Key findings obtained from this
study revealed that PEG@ZnONRs and TiO>NPs interactions and surface complexation
reactions alter the original toxicity of PEG@ZnONRs and TiO>NPs and therefore

comprehensive assessments of potential ENM toxicity in the environment require
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careful integration of complex physicochemical interactions between NMs and various

biological responses.
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Figure 4.29: Antioxidant enzyme activities in the roots and shoots of plant grown in
PEG@ZnONRs suspension for one week. Error bars representing the mean + SE (n =
3). The bars with the asterisk symbol are significant values (p < 0.05).
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Figure 4.30: Antioxidant enzyme activities in the roots and shoots of plant grown in
TiO2NPs suspension for week 1. Error bars representing the mean + SE (n = 3). As
graph shows in all TiO2NPs exposed plant, no significant reduction in enzyme activity
was observed.

4.4.4 Uptake and Translocation
4.4.4.1 Single ENM approach
As seen in the Figure 4.31(a, b), the accumulated concentration of Zn(Il) from
PEG@ZnONRs in plant tissues was approximately 4 times higher than that of Ti(IV)
from TiO,NPs. It was due to the higher dissolution pattern of PEG@ZnONRs than
TiO,NPs (Figure 4.32) which showed comparatively low dissolution in aqueous

solution as also reported in earlier research (Schmidt and Vogelsberger, 2009).
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Figure 4.31: Uptake and translocation of Zn(II) and Ti(IV) from PEG@ZnONRs and
TiO2NPs into plant tissues after one week (W1) exposures under single (a, b), and
NMs mixture approach (c, d). For both sets of reaction, the concentrations 200 pg/mL
were also exposed to two weeks (W2) and three weeks (W3) respectively.

At the highest concentration (200 pg/mL), the accumulation of Zn(Il) in roots was
approximately 5 times higher than Ti(IV). However, the translocation ability to shoot
tissues was limited in case of Zn(II) and less translocation to aerial parts was observed.
In roots tissues, the maximum accumulation was observed at 40 pg/mL in the case of
PEG@ZnONRs and at 60 pg/mL in the case of TiO,NPs. In shoots tissues, Zn(Il)
accumulation was highest at concentration 20 pg/mL whereas, the accumulation of
Ti(IV) correlated well with the corresponding concentration and increased linearly for

one week hydroponic treatment. Overall Zn(Il) from PEG@ZnONRs was largely taken
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up by root cells with low translocation to shoot tissues as also observed previously

when corn plants were grown in the presence of ZnONPs (Zhao et al., 2012).

Interestingly, for the kinetic uptake study (two weeks and three weeks) at
concentration 200 pg/mL, we found that the accumulation of Zn(II) negligibly increased
in root tissues in two weeks exposure. However, the translocation of Zn(II) to shoot
tissues was approximately 3.5 times increased than one week. In three weeks, the
accumulation was approximately 2 times and 10 times increases in roots and shoots

respectively when compared to one week exposure.
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Figure 4.32: The dissolved ions concentrations of Zn(Il) and Ti(IV) in PEG@ZnONRs
and TiO2NPs suspension analyzed by ICP-MS. The dissolution pattern mainly depends
on the solution pH and aggregation state.

Whereas, in TiO>NPs, the accumulations of Ti(IV) was approximately 1.3 times
increased in both roots and shoot tissues. The overall kinetic increase in accumulation
(two weeks and three weeks) revealed that PEG@ZnONRs and TiO>NPs were capable

of a high accumulation in plant tissues with increasing respective time. This effect may

be due to the increased permeability of root cell wall at two weeks exposure period

134



which facilitates the extended accumulation at three weeks as indicated previously

(Kurepa et al., 2010).

4.4.4.2 NMs Mixture Approach

Figure 4.31(c, d), represented the accumulation of PEG@ZnONRs and TiO,NPs
mixture (1: 1 ratios) into roots and shoot tissues. Interestingly, the uptake of Zn(II) and
Ti(IV) at the highest concentration (200 pg/mL) was approximately 6 times to 3 times
in root and 10 times to 12 times in shoot tissues decreases respectively compared to a
single ENM approach for one week. Additionally, the similar trends were observed
when the same concentration (200 pg/mL), further exposure to two weeks and three
weeks. In NMs mixture approach, the overall reduction in the roots accumulation and
translocation might be due to the surface complexation (Tong et al., 2015) and
competition among PEG@ZnONRs and TiO>NPs which greatly alters its

comprehensive uptake and translocation.

In both single and co-exposure of PEG@ZnONRs and TiO,NPs, some interesting
uptake and translocation trends were observed at the roots physiology. The result
suggested that Zn(II) binds more effectively to root tissues and was less translocated to
shoot. This behavior might be due to the larger particle sizes of PEG@ZnONRs which
prone to restrict their high accumulation and less translocation to shoot tissues.
However, in the case of TiO>NPs, the accumulation in the root was more prevalent in
co-exposure of NMs mixture. PEG@ZnONRs and TiO;NPs mixture owing to its
reduced uptake and translocation capacity, resulted in less physiological effects on plant
growth and no significant inhibition of the total chlorophyll content and carotenoids and
no representative variation in oxidative enzymes activity was observed. Therefore, in
this study, although the combination of PEG@ZnONRs and TiO>NPs pose attenuated

uptake and translocation behavior, however, did not influence oxidative stress as
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observed previously (Tong et al., 2015) because of surface complexation and

competition among the PEG@ZnONRs and TiO>NPs in mixture.

4.4.5 Translocation Factor (TF)

Figure 4.33, displays the TF of both NMs. As shown in the figure (4.33a), in a

single ENM approach, the overall TF of Ti(IV) (at concentrations 40 pg/mL and 80-
200 pg/mL) was higher than Zn(I) with significant translocation (p < 0.05) at

concentrations 100 and 200 pg/mL.

Figure 4.33: TF of Zn(II) and Ti(IV) in a single (a) and NMs mixture (b) approach.

However, at concentrations 20 pg/mL and 60 pg/mL, the TF of Zn(Il) to shoot
tissues was slightly higher. The reason lies in the fact that, the TF of metal
nanoparticles mainly depends on the surface charge (Zhu et al., 2012) more negative
surface charge facilitates more translocation (Table 4.6). In the case of PEG@ZnONRs,
at concentrations 80, 100 and 200 pg/mL although the surface charge was more
negative, but exhibit low TF of Zn(II) this was probably due to a higher aggregation
state of PEG@ZnONRs at these concentrations which resulted in a high roots

accumulation and low translocation. Interestingly, in a NMs mixture approach (Figure
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4.33b) the TF was about ~1.8 times and 4 times decreases in both PEG@ZnONRs
and TiO,NPs respectively. It means that the in a PEG@ZnONRs and TiO>NPs co-
exposure approach, the TF for Zn(Il) were ~2.2 times higher compared to Ti(IV) and
more Zn(II) were translocated from roots to shoot tissues. It indicates that in NMs
co-exposure treatment, the translocation of Ti(IV) was inhibited or suppressed by
Zn(Il) ions which was not observed in a single NMs approach where more
translocation of Ti(IV) to shoot tissues was notable. All these contrast findings up to
the comparative and competitive level suggested that the PEG@ZnONRs and TiO,NPs

displayed distinct physiological and biochemical effects on plant growth.
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Chlorophy1l
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P oted rooi DxidatiTe stress
Eeneration

ki X No oxidative stress
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Scheme 4.1: Graphical representation of the effects of PEG@ZnONRs and TiO>NPs
on plant growth.

The overall transport effects of PEG@ZnONRs and TiO,NPs on plant growth are

graphically presented in scheme 4.1.
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In relation to the findings obtained from this study, it is suggested that NMs
transport under natural environmental route such as from contaminated water will
greatly effect the physiological and biochemical activity of plants growing on site
under natural exposure. However, NMs interaction and surface complexation modify
the original effect of individual metal-oxide. Therefore comprehensive assessments of
ENM toxicity in the environment require careful assimilation of complex

physicochemical interactions between NMs and various biological responses.

4.5 Remediation of NMs

4.5.1 Characterization of Adsorbent (P@MSIMC)

As discussed in chapter 3 (section 3.9.1), that the typical synthesis of P@MSIMC
was started by the colloidal interaction between negatively charged Si-OH™ and cationic
polymer polyethylene imine (PEI). This interaction resulted in the formation of self
templated silica microcubes (Figure 4.34a). The addition of FeCl; into the reaction
mixture resulted in the etching of the silica surface; creating pores in the microcubes
structure and the Fe were embedded inside the pores. The process of etching and Fe
embedding was facilitated by temperature. As the temperature increased from 75 °C to
150 °C the porosity of microcubes was also increased (Figure 4.34a-c) and
consequently more atomic percentage of Fe embedded into the porous structure (Table
4.7). However, as the reaction temperature increased beyond 150 °C, i.e., at
temperature value (200 °C), the outer polymer layer was disintegrated resulting in

altered cubic morphology with irregular porous structure (Figure 4.34d).
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Figure 4.34: FESEM images of P@MSIMC synthesized at 75 °C (a), 100 °C (b), 150
°C (c¢) and 200 °C (d) respectively. All images were taken after drop-casting at ITO thin
film, dried and images were taken at bright field mode.

Figure 4.35 represented the EDS analysis of adsorbent (P@MSIMC) synthesized at
150 °C. As shown in the EDS spectra, the P@MSIMC was mainly composed of major
peaks for iron, chlorine, oxygen and silica which also represented the purity of
synthesized material. In order to investigate the effect of temperature on the elemental
distribution and atomic % values, the EDS analysis was performed and data is
summarized in Table 4.6. The elemental atomic % values demonstrate that, as
temperature increases from 75 °C to 150 °C the atomic % of silica decreases while the
atomic % of Fe and Cl increases. This observation further confirmed the etching and
embedding phenomenon of Si and Fe respectively. Furthermore, the % of O from Si-

OH decreases well with an increase in the % of N due to incorporation of the polymer
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layer at the surface. However, at temperature 200 °C, the % of O increases due to the

disintegration of PEI layer at the surface.

Figure 4.35: The EDS elemental analysis of P@MSIMC synthesized at 150 °C.

Table 4.6: Atomic composition of synthesized P@MSIMC at different reaction

temperature determined from EDS analysis.

Atomic composition (%)
Adsorbents Temperature
0 N (0] Si Cl Fe
35. 19. 37.
P@MSIMC a 75 8.1 1 3 0 0.5
29. 14. 38.
P@MSIMC b 100 15.5 3 5 5 22
21. 12. 40.
P@MSIMC c 150 20.9 1 5 7 4.8
32. 10. 38. 2.8
P@MSIMC d 200 15.7 5 3 6 6
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In order to investigate the functional groups at the surface of synthesized adsorbent,
FTIR analysis was performed. Figure 4.36, shows the FTIR spectra of P@MSIMC,
synthesized under three temperature values (100 °C, 150 °C & 200 °C). Typically, the
vibrations observed around 784 cm, 1052 cm™ and 972 cm’' correspond to the
asymmetric stretching mode of Si-O-Si and Si-O stretching vibrations (Amutha et al.,
2010; Witoon et al., 2008). The vibration around 1605 cm™ associated with the -NH»

groups of polymer PEI coated at the surface of adsorbent (Jahan et al., 2013).

Whereas, the broad peak centered at 3311 cm™! indicated the existence of residual
hydroxyl group of Si-OH". As the temperature increased from 100 °C to 200 °C, both Si-
O-Si band and the surface OH™ decreases due to silica etching and PEI incorporation
which further confirmed the result of FESEM and EDS analysis. The streching vibration
around 477 cm ™! assigned to the Fe-O bond as reported in previous report (Gupta et al.,

2011).
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Figure 4.36: FTIR spectra (at ATR mode) of P@MSIMC at temperature range of
(100-200 °C) with spectral range from 500-4000 cm.
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Figure 4.37: The powder XRD pattern of as-produced P@MSIMC in the 26 range of
20-80° with Cu Ka radiation (1.5418 A)before (black peak pattern) and after Ag(I)
removal (red peak pattern).

The phase purity of the as-prepared P@MSIMC was identified by XRD analysis in
the 20 range of 20-80° with Cu Ka radiation (1.5418 A). The powder XRD pattern of
P@MSIMC (black pattern in Figure 4.37) showed the peak at 22°, which indicate that

the material mainly consist of amorphous silica (Rida et al., 2014).

The low intensity peaks at 20 = 25.2°, 35.25°, 45.1°, 56°, and 68° are well indexed
with the diffraction pattern of Fe (Venkateswarlu et al., 2016). Moreover, no other
respective peak in the pattern indicating the high purity of synthesized materials. The
surface area, pore volume, and pore diameter were measured by nitrogen
adsorption-desorption isotherm (Figure 4.38) and data summarized in Table 4.7. The
synthesized material P@MSIMC fitted well with Langmuir isotherm plot for BET

surface area. Langmuir linear plot and t-plot are presented in Appendix C.
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Figure 4.38: Nitrogen adsorption-desorption isotherm of P@MSIMC. The inset graph
represents the pore diameter which is 100 A°= 10nm

Table 4.7: Brunauer-Emmett-Teller (BET) analysis of P@MSIMC.

Sample:
P@MSIMC

Surface area

Pore volume (cm’/g)

Pore diameter

(m’/g) (nm)
) . Single point .
Single point susface area | dsorption total pore Adsorpthn average
at p/p volume pore diameter
=346.7830 — 0.699990 =7.68938
Single point Desorption average
BET surface area desorption total pore FPHO &
_ pore diameter
=364.1332 volume — 7 67946
=0.699990 '
Langmuir surface area t-Plot micropore Adsorptlon'average
— 506.6064 volume pore width
) = -0.006097 =6.3985
t-Plot External surface Desorption average
area i pore width
=366.8323 =6.0235
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The surface area measured by multipoint BET method from the adsorption branch
and observed as high as 364.1332 m? g!' with an average pore volume and pore
diameter of 0.699 cm® g! and 7.68 nm respectively. This high BET surface area, high
value of pore volume and an ideal pore size distribution allow the P@MSIMC to be
promising candidate for remediation application. The stability and ionic mobility of
synthesized P@MSIMC was investigated through conductivity measurement under pH
range from 3-9. Figure 4.39, representing the ionic mobility of P@MSIMC between pH
values 3 to 9. As shown in the figure, the synthesized P@MSIMC is quite stable
between pH 3 to 8; thus the maximum adsorption capacity can be observed in this
broad range of solution pH. Since P@MSIMC synthesized at 150 °C was more stable
under pH range 3-8, therefore, it was selected for remediation of metal and carbon based

NMs.

25300
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Figure 4.39: The stability of P@MSIMC (synthesized at 75 °C, 150 °C & 200 °C) at
different solution pH. The error bars representing the standard error of three replicate
analysis.
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4.5.2 Remediation of Metal Based NMs

The remediation of metal based NMs dispersed in natural RW (station 7) was
investigated by using PEI-modified mesoporous silica iron microcubes (P@MSIMC)
as adsorbent. NMs dispersed in natural water, interact with P@MSIMC and form an
aggregated complex. This complex was easily removed either by centrifugation,
filtration or simply by decantation. During this process the removal efficiency was
determined for each metal based NMs under different solution pH. The kinetics of

adsorption process and adsorption isotherm was also investigated.

4.5.2.1 Effect of solution pH

The pH of the solution is the most important factor that affects the adsorption process
(Wang et al., 2010). The effect of pH values (ranging from 4 to 9) on the adsorption
performance of P@MSIMC was investigated with an initial NMs concentration of 40
mg/L. From the Figure 4.40, it was found that the removal performance of P@MSIMC
was significantly higher in pH value 6, in case of PEG@ZnONRs and TiO>NPs NMs
except PEI@AgNPs, which shows the maximum absorption at pH value 5. This

variation in adsorption capacity can be explained well by the electrostatic action.

At higher pH values, the electrostatic repulsion occurs between the negatively
charged NMs and the added -OH ions, which restrict the interaction between NMs and
P@MSIMC, so the adsorption capacity is less at pH values higher than 6. Whereas, at
lower pH values, the protonation of surface amino group of polymer polyethylene imine
(PED) increases increased, which restrict the interaction between NMs and the
P@MSIMC. Therefore, pH 6 for PEG@ZnONRs and TiO;NPs, and pH 5 for

PEI@AgNPs were selected for subsequent adsorption study.
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Figure 4.40: The comparison of NMs % removal efficiency for Ag(I), Zn(II) and
Ti(IV) at 4 to 9 solution pH values (at 28 + 2 °C) within a treatment duration of 10 min
(with NMs initial concentration of 40 mg/L).

4.5.2.2 Adsorption Kinetics

The rate of adsorption process is very important parameter to design a batch
adsorption experiment, because of its accurate prediction of the rate at which pollutant
removed from aqueous solution. Figure 4.41, represents the adsorption kinetics of all
metal NMs. It can be seen that during the first 30 min, all NMs exhibited fast adsorption
process and reached equilibrium within 60-90 min. It means that within 90 min
all active adsorption sites of P@MSIMC were saturated. The adsorption capacity of
P@MSIMC for Zn(II) was highest (850 mg/g) compared to Ag(I) and Ti(IV) which
was 550 and 720 mg/g respectively. However, Zn(Il) takes more time to reach
equilibrium which may be due to the large sizes of PEG@ZnONRs (1 pm in length).

To investigate the controlling mechanism of adsorption kinetics, the linear forms of
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pseudo first (Nandi et al., 2009) and second order (Liu et al., 2015b) model was

employed.

The linear plots of log (ge-qt) for first order kinetics are presented in Figure 4.42
and t/qt versus t for pseudo-second-order model is shown in Figure 4.41 (inset). The
obtained correlation coefficient (R?) values for the second-order kinetic model are

higher than pseudo-first-order kinetic model (Table 4.8).

More specifically, the calculated normalized root-mean-square error for second-
order was smaller than first- order model. Furthermore, the calculated ge values of the
pseudo-second-order model were in good agreement with the experimental ge values.
This confirmed that an empirical pseudo-second-order kinetic model fitted well for the

description of NMs adsorption on P@MSIMC.
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Figure 4.41: Adsorption amount variation with time at 28 °C/ pH values 5, 6, and 6 for
Ag(D), TiIV) and Zn(Il) (initial conc. 1000 mg/L) respectively. The representative
color change of P@MSMC before (a) and after adsorption process (b). The inset plot
represents Pseudo-second-order kinetics (R? value = 0.999 for Ag(I), Ti(IV) and 0.998

for Zn(II) respectively).
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Figure 4.42: The Pseudo-first-order kinetics plots for NMs adsorption on P@MSIMC
(R2 value = 0.993, 0.964 and 0.966 for Ag(I), Ti(IV) and Zn(II) respectively.
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4.5.2.3 Adsorption Isotherm
The results of the two isotherm model are listed in Table 4.9. The higher correlation
coefficient (R?) of Langmuir model suggested that the adsorption data of all three
metal NMs on P@MSIMC better fit with the Langmuir isotherm model, indicating

that the adsorption process is relatively homogenous with a monolayer adsorption

(Baba et al., 2006).

Table 4.9: Summary of the Langmuir and Freundlich isotherm parameter for metal
ions adsorption on P@MSIMC.

Langmuir isotherm Freundlich isotherm
Metal | qmax (mg/g) | b (L/mg) R? Kr n R?
ions
Ag(l) 550 3.6x 107 0.995 133 1.78 0.893
Ti(IV) 720 3.0x 107 0.987 17.2 1.76 0.882
Zn(1I) 850 2.6x 107 0.980 17.4 1.75 0.880

4.5.24 NMs Adsorption Mechanism

To understand the metal adsorption mechanism on P@MSIMC, FTIR spectroscopy
was used. Figure 4.43, represents the FTIR spectra of adsorbent before and after metal
adsorption. Compared with the FTIR spectrum of P@MSIMC, the FTIR spectra of
P@MSIMC-Ti, P@MSIMC-Zn and P@MSIMC-Ag shows the slight red shifting of the
peak at 1605 cm ™! which may be attributed to the vibration of surface nitrogen atoms of
PEI forming coordination bonds with metal ions. The shifting of peak to higher
vibrations were likely due to the adsorption of Ag(I), Zn(Il) and Ti(IV) ions onto the
imine (-NH ) groups on the adsorbent surfaces (Bao et al., 2017). Furthermore, the

1

streching vibration of Fe-O at 477 cm™ was disappeared after adsorption of metals
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owing to the reduction of embedded iron oxides into the porous structure of

P@MSIMC.
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Figure 4.43: FTIR spectra of P@MSIMC before and after adsorption of Ti(IV), Zn(II)
and Ag(D).

To further verify the adsorption mechanism of metals removal, EDS elemental
mapping analysis was performed. After the adsorption of metal Ag(I), the P@MSIMC
were removed from solution by centrifugation, dried and EDS analysis was carried out.
As can be seen from the Figure 4.44a, the Ag peak is incorporated into the EDS spectra
of P@MSIMC which is also confirmed by the elemental mapping (Figure 4.44b).
Furthermore, the XRD analysis (Figure 4.37) revealed that the embedded iron in the
P@MSIMC, after the removal of the Ag(I) from the solution becomes reduced, which is
confirmed by the stronger peak intensity (red-peak pattern) of diffraction pattern of Fe
(Yao et al., 2016). Typically, the metal ions interact with the electronegative oxygen of

embedded iron through oxidation-reduction reaction and the Fe-O was converted into
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reduced form. This suggested that, NMs interact with the surface amide group of
polymer PEI and with embedded Fe-O through oxidation-reduction reaction and
adsorbed inside the porous structure of P@MSIMC. The overall reaction mechanism is

presented in Scheme 4.2.

Figure 4.44: The representative EDS spectra with the atomic composition of
P@MSIMC after the removal of an AgNPs form RW sample (a) with its elemental
mapping showing the incorporation of Ag(I) in the aggregates of P@MSIMC after the
removal process (b).

To evaluate the effect of co-existing ions of natural RW on the removal efficiency,
the adsorption process was also carried out in deionized water. Figure 4.45,
demonstrated the small decrease in removal efficiency of P@MSIMC. As shown by the
figure, the removal efficiency was only 10-12 % inhibited in the presence of co-existing
ions realizing the fact that the adsorption of metal based NMs was not predominantly
affected in the presence of natural existing ions. This suggested that, the synthesized
P@MSIMC can be effective for the remediation of NMs under complex natural aqueous

medium.

152



F\ —
L

Ho” o Ho” “on HO " “oH OH

NH
2\/\N NrJ
NHz’ﬁL\ TN\CNH, N e {

HN/\/N\/\
N
NHZ/\,NH\JN/\,NH N—
N\/\NH

N
NH, N
\J q/- \EK/NHZ
NH HN,
o o

| |
HO—si— °~—si—OH PEI

OH

OH - H30* HO O o o/
N/ ./ -OH si—O~—si
\Si/ s bs. el Ho—] i | ~on

OH

('I) (l) = 4NH3

"NH HN~

SR,
\/\NNNH\Nﬁ\) R RNV LN

HszHﬂN
ﬁ NNy
NH_/"NH: NH7 \__N

ond
NH, X ¥
and \/N

NH;

S

> NH
. N w1 N T
NHZJ} f](N\/N\H S AN
QH NH HN LN, N, NN

_—
- 4HCI Onv o un©

NH_ N

KN//FIHZ M ‘—C:IH H,b;/(o
1 NHZ) NH73 o N

. o o /,OH 2/ \‘TFK/NHz

[ o] - : NH  HN,

Fecl,  WFo-s—C—so{gy M=AnznT 7 o 9
OH | | \\OH [red] o_sli/o\Ti—'O-—@

Scheme 4.2: Mechanistic scheme for the preparation and metal adsorption process of

P@MSIMC.
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Figure 4.45: The comparison of P@MSIMC removal efficiency in deionized water
and river water. Adsorption conditions: NMs = 10 ml (40 mg/L), P@MSIMC (10 mg)
at 28 °C. The error bar representing the standard error of three replicate analysis.

4.5.2.5 P@MSIMC Desorption & Recycling

The adsorption and desorption are the two key parameters to evaluate the adsorbent
efficiency. An ideal adsorbent should possess both adsorption properties as well as
disruption capabilities in order to recycle them and to significantly reduce the
adsorbent cost for practical applications. After the removal process, the recycling
property of P@MSIMC was investigated. The desorption of P@MSIMC was carried
out by washing several times with ethanol followed by deionized water and dispersed
in 10 mL of 1 mol/L HCI for 30 mins. The particles were separated, washed with
deionized water, and used for recycling. The adsorption/desorption cycles were
repeated five times and the metal removal efficiency of P@MSIMC was determined.
Figure 4.46, gives the percent recycling ability of P@MSIMC which was around 94 %,

even after 5 successive recycling attempts.
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Figure 4.46: Recycling property of synthesized P@MSIMC.

4.5.2.6 Comparison With Other Silica Based Adsorbent

Table 4.10 representing the number of reported silica-based adsorbent used for the
removal of metals ions from the aqueous solution. The synthesized adsorbent
P@MSIMC has relatively higher uptake capacities for the metal ions compared to the
other reported adsorbents. This attributed to the high surface area and higher numbers of
available active sites in P@MSIMC for strong adsorption/reduction properties. Though
with all these properties the synthesized adsorbent proved to be a promising candidate

for the removal of NMs from natural aqueous samples.
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Table 4.10: Comparison of maximum removal efficiency between P@MSIMC and
other silica based adsorbents.

Removal Time
S. Adsorbent Type Synthetic Adsorbate Efficiency Taken Ref.
No Method (mg/g, (min)
mg/L)
Thiol Liet
1 functlopallzed Stober method Hg(1I) and 260 and 20 al.,
magnetic Pb(II) 91.5 mg/g 2011a
mesoporous silica
. (Yao et
y | Fe/SIO-NH; Stober method | Cr(IV) 8 mg/L 5 al.,
hollow sphere 2016)
Mercaptoamine-
functionalised Co- 355 and (Bao et
3 | silica-coated precipitation HgISlI)I()Ignd 292 mg/g 120 al.,
magnetic nano- methods respectively 2017)
adsorbents
Amino-
functionalized (Bao et
4 | Fe:0,@SiOs S"lzgifg’al Zn(1) 169.5 mg/g | 120 al.,
magnetic nano- 2016)
adsorbent
Chitosan-g- .
(Nithya
5 | poly(butylacrylate)/ | sol—gel Cr(IV) | 5571 (mg/g) | 120 | etal,
silica gel method 2016
nanocomposite
(Egoda
Silica Hydrothermal watte et
6 nanocomposites method Cr(lI 3744 mg/g 120 al.,
2015)
Multi-carboxyl- Surface Cu(Il), Cd(II), | 47.07,41.48, (Liet
7 | functionalized grafting Ni(Il) and 30.80 and - al.,
silica gel method Zn(11) 39.96 mg/g 2014
PEI-modified h 1 . 20 and
8 | mesoporous silica Hydrotherma Zn(1D), Ti(Il) | 850, 720 an 90 Present
method and Ag(D) 550 mg/g study

iron microcubes

4.5.3 Remediation of Carbon Based NMs

4.5.3.1

Effect of Solution pH

The effect of solution pH on the removal efficiency of P@MSIMC was studied. As

shown by Figure 4.47, the maximum removal of both CNPs and GOQDs in solution

(40 mg/L) was occurred at pH value 6 whereas, at pH values higher or lower than 6 the

removal efficiency decreases. This subsequent decrease in removal efficiency at pH
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higher or lower than 6 was due the electrostatic repulsion (Zinchenko et al., 2013)
between the negatively charged CNPs or GOQDs and added —OH ions and between
positively charged P@MSIMC and added H' ions from acid. Therefore, pH 6 was

selected as a suitable pH for maximum removal of both NMs from natural RW.

.90 a) 0 h)
% 30 S0
o 70 2
= 60 g
E 50 K 40
= =
"g' 10 = 30
o 520
R 5 e
=
> 10 S0

0 0

i1 5 6 71 8 9 1 5 6 71 8 9
pH pH

Figure 4.47: Effect of pH on the removal efficiency of CNP (a) and GOQDs (b) at
initial concentration of 40 mg/L, P@MSIMC dose 10 mg/10 ml of GOQDs solution,
temperature 28 £+ 2 °C and contact time 80 and 50 min respectively.

4.5.3.2 Adsorption Kinetics

Figure 4.48, represents the adsorption kinetics of CNPs (a) and GOQDs (b) in RW.
The results shows that, during the first 60 and 50 min, CNPs and GOQDs exhibit fast
adsorption process and reached equilibrium within 60 min. It means that within 60
min, all active adsorptive sites of P@MSIMC were filled and saturated with CNPs and
GOQDs respectively. The maximum adsorption capacity of CNPs and GOQDs was
found to be 600 mg/g for CNPs and 504 mg/g for GOQDs. The kinetics of adsorption
mechanism was also investigated by the linear forms of pseudo-first-order (Nandi et

al., 2009) and pseudo-second order (Liu et al., 2015b) models.
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Figure 4.48: Variation of adsorption amount with time (min), for CNPs (a) and
GOQDs (b) with initial concentration of 700 mg/L, P@MSIMC dose 10 mg/10 ml.
The linear graph in the inset represents modeled pseudo-second-order kinetics.

The linear plots of log (ge-gt) and t/qt versus ¢ are summarized in Table
4.11. The data obtained from the two empirical models suggested the adsorption
mechanism of both NMs fitted well with the pseudo-second-order model (Figure 4.48a,
b (inset)). As can be seen from Table 4.11, the obtained correlation coefficient (R?)
value in the second-order kinetic model was higher than pseudo-first-order kinetic
model (Figure 4.49). Furthermore, the calculated ge value from the pseudo-second-
order model was in good agreement with the experimental ge value. This confirmed
that an empirical pseudo- second-order kinetic model fitted well for the description of

both NMs adsorption on P@MSIMC.
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Table 4.11: Pseudo-first-order and pseudo-second-order kinetic model constants.

Pseudo-first-order model Pseudo-second-order model
NMs
geexp | qecal K, ge cal K, R2
(mg/g) | (mg/g) | (x10/min) R? | (mg/g) | (x10°g/mg min
CNP 600 578 0.79 0.989 602 0.23 0.999
GOQDs 504 574 0.73 0.964 500 0.21 0.998
3 ® CNPs ® GOQDs
1.5
e, 2
S
=5
B
-
1
®
0.5
0
15 30 45 1] T
t(min)
Figure 4.49: First-order kinetic model of CNP and GOQDs.
4.5.3.3 Adsorption Isotherm

The results of the two isotherm model are presented in Table 4.12. The data

obtained revealed that the analogous to metal based NMs, the adsorption of CNPs and

GOQDs follow Langmuir isotherm model with higher correlation coefficient (R?)

values compared to correlation coefficient of Freundlich isotherm model.
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Table 4.12: Summary of the Langmuir and Freundlich Isotherm Parameter for CNPs

and GOQDs adsorption on P@MSIMC.

Langmuir isotherm Freundlich isotherm
q max 2 2
NMs b (L/m R K N R
(mg/g) (Limg) '
CNPs 600 3.4x10° 0.996 12.6 1.72 0.885
GOQDs 504 3.7x 107 0.990 12.2 1.75 0.872
4.5.34 P@MSIMC Desorption & Recycling

After adsorption investigation of both CNPs and GOQDs in natural RW, the
recycling ability of synthesized P@MSIMC was investigated by following same way
as described for metal based NMs. Typically, the desorption of P@MSIMC was
carried out by washing the adsorbent several times with ethanol followed by
deionized water and then dispersed in 10 mL of 1 mol/L HCI for 30 mins. This will
remove the adsorbed NMs at the surface of P@MSIMC. The adsorbent was separated
from the solution by centrifugation at 3000 rpm/min, washed several times with
deionized water and used to check the recycling property. The adsorption/desorption
cycles were repeated five times and the CNPs and GOQDs removal efficiency of
P@MSMC was determined. Figure 4.50, representing the recycling ability of
P@MSIMC. As can see from the figure, the adsorption capacity of P@MSIMC was
almost the same even after five successive recycling steps. Therefore, these results
suggested that P@MSIMC owing to its novel cubic mesoporous structure with special
surface properties is potentially applicable for the removal of carbon-based NMs from

natural water.

160


mailto:P@SNC
mailto:P@SNC

100 % 97 % 96 % 93 % 92 %

% Removal Efficiency

1 2 3 4 5
Number of Recycling

Figure 4.50: The removal efficiency of P@MSIMC after 5 successive recycling.
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CHAPTER 5: CONCLUSIONS

In conclusion, three metal based nanomaterials (NMs) including one newly
synthesized polyethylene imine coated silver nanoparticles, PEI@AgNPs (50 + 10nm)
and two already reported polyethylene glycol coated zinc oxide nano-rods,
PEG@ZnONRs (64 £ 10 nm) and titanium dioxide nanoparticles, TiO2NPs (89 + 20
nm) were synthesized. Carbon based NMs comprising of carbon nanoparticles, CNPs
(20 £ 10 nm) and graphene oxide quantum dots, GOQDs (50 + 20 nm) were also
synthesized by following earlier reports. For morphological investigation, two more
zinc oxide structures i.e., zinc oxide nano-needles, ZnONNs (43 + 10 nm) and zinc
oxide microflowers, ZnOMFs (1.09 + 0.2 pm) were synthesized by following modified
previous methods. The physiochemical properties of all synthesized NMs were well

characterized using various material characterization techniques.

The key findings obtained from the aqueous transport or mobility of all synthesized
materials revealed that, the surface coating, particle size, morphology and ionic
composition of natural river water (RW) dictates the dissolution, ionic release and
transport behavior of NMs. For example, surface coating of silver nanoparticles with
cationic polymer polyethylene imine (PEI@AgNPs) significantly inhibit the particle
dissolution and ionic silver Ag(I) release, as compared to anionic polymer coated zinc
oxide nano-rods (PEG@ZnONRs) and uncoated titanium dioxide nanoparticles
(TiO2NPs). In addition, the ionic metal release profiles were also dependent upon the
physicochemical properties of RW such as pH, dissolved oxygen and concentration of
dissolved ions. Typically the robust positive ionic metal release was observed in RW
(Station-7) due to its high chemical composition and dissolved oxygen concentration.
By comparing the results obtained from the RW of different chemical composition

(station-1, station-4 and station-7), the ionic metal release were 1.6%, 8.3% and 13.6%
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in Station-1, 2.0%, 10.1% and 15.3% in Station-4, and 3.3%, 12.6% and 19.0% in
Station-7 for PEI@AgNPs, TiOoNPs and PEG@ZnONRs respectively. The size and
morphology investigation of PEG@ZnONRs, ZnONNs and ZnOMFs suggested that,
ZnONNs with smaller average diameter of needles (43 + 10 nm) displayed the high
ionic metal release profiles compared to PEG@ZnONRs with an average rods diameter
of 64 £ 10 nm, and ZnOMFs with an average diameter of 1.09 £ 0.2 pm. In case of
PEG@ZnONRs and ZnOMFs, since both constructed with the similar materials, the less
ionic metal dissolution in ZnOMFs was because of the angular-shaped structure that
retained during transport in porous media. This implies that the transport behavior is
limited for NMs with large particle size and angular morphology. Whereas, the small
size and simple straight morphology facilites the transport of NMs. Analogous to metal
based NMs, the behavior of CNPs and GOQDs was also controlled by the particle size,

surface charge and ionic composition of RW.

The results obtained from the impact of solution chemistry on the behavior of NMs
disclosed that, the solution pH effect the aqueous behavior of metal and carbon based
NMs. The particle dissolution and ionic metal release increased with substantial
increase in solution pH (5.6-6.8). On the other hand, the transport of GOQDs as
compared to CNPs was more suseptible towards solution pH and minimum trasport was
observed at lowest solution pH (pH-5.6). It was because of the less surface charge of
GOQDs (-24 mV) and compared to CNPs (-40 mV). As reported earlier that particles
with more surface charge are more stable towards pH variation. Similarly, the transport
behavior of both metal and carbon based NMs were remarkably inhibited in presence of
monovalent salt (NaCl, 2-10 mM). More specifically, the increasing concentration of
NaCl in the aqueous suspension (2-10 mM), resulted in the maximum column retention
with a small breakthrough curves. For instance, the particle dissolution and ionic metal

release from PEI@AgNPs, TiO2NPs and PEG@ZnONRs were 2.6-3.3%, 7.0-14.3%
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and 8.3-10% respectively. Whereas, the total column deposition rate (Rq) was 63% in
case of CNPs and 45% in case of GOQDs in presence of NaCl (2-10 mM). However,
the transport behavior of both metal and carbon based NMs were not significantly
altered in presence of divalent salt (CaCly). In addition, the presence of dissolved
natural organic matter (NOM) also affects the transport of metal and carbon based NMs.
The NOM absorbed at the particle surface and increased the negative surface potential
of NMs which resulted in increased electrostatic repulsion among particles and thereby

increased the transport.

The findings from the aqueous mobilization of PEG@ZnONRs and TiO>NPs into
the hydroponic growth of red bean plant concluded that, PEG@ZnONRs due to its
higher dissolution rate and strong binding capacity, largely taken up and significantly
inhibit the plant physiological and biochemical activity. Whereas, no adverse effect on
plant physiological and biochemical activity was observed in TiO;NPs. The kinetic
uptake study revealed that the uptake capacity of both PEG@ZnONRs and TiO>NPs
increased with increasing the exposure period from one week to three weeks. However,
the findings from competitive uptake in a co-exposure of both metal based NMs
suggested that, NMs mobilization was largely suppressed in a mixture of
PEG@ZnONRs and TiO,NPs because of the complexation and aggregation among the
particles. These results indicated that, both NMs displayed distinctive transport pattern
and physiological and biochemical effect on plant growth and may behave differently

when exposed to plant.

In remediation part, polymer modified mesoporous silica iron microcubes
(P@MSIMC) adsorbent was successfully synthesized via hydrothermal method. The
synthesized adsorbent exhibited excellent removal efficiency for PEI@AgNPs,

TiO>NPs and PEG@ZnONRs as well as for CNPs and GOQDs respectively. The
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maximum removal efficiency was 850 mg/g, 720 mg/g and 550 mg/g for
PEG@ZnONRs, TiO>NPs and PEI@AgNPs, whereas 600 mg/g and 504 mg/g was
recorded for CNPs and GOQDs respectively. The kinetic results revealed that the
adsorption process is rather fast and follow the pseudo-second-order kinetics model.
The adsorption isotherm of all NMs fitted-well with the Langmuir isotherm model with
higher correlation coefficient (R?>= 0.99). Recycling results revealed that even after five
adsorption/desorption cycles, the P@MSIMC maintained high adsorption performance.
Most importantly, the removal efficiency of P@MSIMC was not inhibited in the
presence of natural water coexisting ions. These experimental results imply that
P@MSIMC owing to its novel cubic mesoporous structure with special surface

properties is potentially applicable for water remediation.

5.1 Recommendations for Future Work

This work has enabled the development of the understanding of the behavior of NMs
under a range of natural RW solution chemistry. The findings of this research
contributed significant knowledge and added useful information to the available
literature. More specifically, these findings will help to understand the impact of
aqueous composition as well as NMs intrinsic physicochemical properties in
demonstrating their transport behavior and mobilization. In addition, it is anticipated
that remediation study will provide an exciting opportunity to advance the researchers
knowledge about the novel mesoporous silica-based adsorbent for the fast and efficient
removal of environmental pollutants and will likely cause to open new research avenues
in related fields. In the future, the behavior of other metal and carbon NMs, hybrid
metal-composites, and other surface functionalized NMs including their remediation
against silica-based adsorbent can be evaluated in natural river water. Furthermore,
another class of pollutants like persistent organic pollutants (POPs) can be investigated

for remediation from environmental surfaces. Most importantly, the major
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recommendation of this work is to design a natural environmental model to simulate
and scale up the behavior of different NMs under variable or similar environmental

conditions for the sustainable utilization of NMs.
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