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ABSTRACT

With the widespread use of nanoparticles, a concern has been raised to
understand their behaviour in the actual environment. Monoclinic tungsten trioxide
nanoparticles (m-WOz3) have gained considerate interest as a photocatalyst
particularly in the photodegradation of organic pollutants and oxidation of water
resulting in the evolution of oxygen. As a result, the increased application will
inherently lead to large amounts of m-WOs being found in wastewater effluent.
Wastewater effluent is a confluence of several chemicals; molecules such as
natural organic matter, surfactants and amino acids to name a few. Natural
organic matter present in wastewater include substances like humic acid and fulvic
acid. Thus this study aimed to understand the fate and behaviour of m-WOQOs
nanoparticles in a wastewater treatment system. This research involved
investigation of solution chemistry and its effects on the stability and aggregation
kinetics of m-WOs. Thus, accurate characterization of the physicochemical
properties was paramount as they could be extrapolated to their toxicological
effects. The physicochemical properties measured included size distribution,

aggregation/agglomeration, surface area, crystal structure, and surface charge.

In the presence of humic acid, the zeta potential of the nanoparticle was negative
at all concentrations. However, the hydrodynamic diameter increased in the
presence of divalent cations indicating, a suppressed electric double layer. The
agglomeration rate was consistently high around the point-of-zero-charge (pzc),
pH 2.5 - resulting in larger hydrodynamic diameters in this range. At pH 5, the rate
of agglomeration was found to be reasonable enough to show agglomeration and
dispersion of nanoparticles, thus was chosen as the optimum working pH to
measure the change in the physicochemical properties of the NPs. Using the
DLVO theory, it was evident that the dominant interaction forces were found to be
repulsions forces in monovalent cations (Na*) while the van-der-Waals attractive
forces were prevalent when divalent cations (Mg?* and Ca?*) were in solution. In
natural waters where humic acid is mostly found, infers that m-WOs will be
dispersed when monovalent cations are predominant, yet, agglomeration of the

nanoparticles will be evident when divalent cations are excessive.

Vi



Understanding the fate and behaviour of the m-WOs nanoparticles and how its
impacts the functionality on the treatment plant is of paramount importance for
accurate toxicological risk assessment. This was achieved through acclimatization
of activated sludge to the simulated wastewater treatment plant operated per the
Organisation for Economic Co-operation and Development (OECD) 303A

guidelines.

During acclimatization, chemical oxygen demand (COD), and a five-day biological
oxygen demand (BODs) were monitored. Humic acid impact on the functionality of
the domestic wastewater treatment plant was investigated as it is a major
constituent of wastewater and surface water. The COD removal was above 80%

suggesting that humic acid had no impact on the activated sludge activity.

The fate of m-WOs was monitored using Powder x-ray diffraction (PXRD) and
scanning electron microscope coupled with electron dispersive x-ray. Powder x-
ray diffraction analysis indicated the presence of m-WOs3 in the sludge which was
further confirmed with electron dispersive x-ray -mapping which showed the
presence of tungsten signifying adsorption of the nanoparticles on the sludge. This
is evident that the activity of the activated sludge had no effect on the polymorph
of WOs as sharp peaks appeared in the PXRD patterns which are indicative of the
crystallinity of the m-WOs in sludge. The addition of 15 mg/L™* m-WOs showed to
influence the functionality of the treatment plant as the COD removal dropped to
70 % which is below the 80% stipulated guideline signifying adequate removal of
the CODs. This implied that m-WO3s nanoparticles possess toxicity effects on the
activated sludge. An increase in conductivity was observed in the test effluent
suggesting the possibility of dissolution of the nanoparticle. The ICP-OES
analyses showed that 80% of W was retained in the sludge while 20-21% m/m run

out with the effluent.
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CHAPTER 1
INTRODUCTION

1.1 Problem statement

A report released by the Royal Society and the Royal Academy of Engineering in
2004, on nanoscience and nanotechnology drew the attention of environmental
managers and policy makers. This is due to the possible toxicological and
pathological risks to human health and to the environment that may be presented
by engineered nanomaterials from the interface between biotechnology and
nanotechnology, as in the development of nanotechnology-based drug delivery
systems (The Royal Society & The Royal Academy of Engineering,2004; Moore
2006) In order to accurately assess the risk involved in the use of nanoparticles
and consider the eventual environmental liabilities associated with it, a thorough
understanding of the behaviour of nanoparticles in organisms and the ecosystem
is needed (Belen et al. 2013). Moreover, correlation of the physiological properties
of the nanoparticles (NPs) to their fate and behaviour relies on the accurate
characterization of the nanoparticles before, during and after applications (Jingkun
et al. 2009; Koetsem et al. 2015; Fang et al. 2009).

Nanotechnology holds a great potential in advancing water and wastewater
treatment efficiencies (Qu et al. 2013). The production and application quantities of
the engineered nanomaterials (ENM’s) are growing and it has to be expected that
ecosystems will be exposed to significant levels of such materials. The industrial
and domestic products and wastewater containing ENM’s are released either
directly or indirectly into the water systems. Once they are released into the
environment, ENM’s will to some extent agglomerate with other suspended solids
or sediments, potentially accumulate to organisms and finally entre the food chain
or drinking water (Gottschalk et al. 2011). ENMs generate reactive oxygen species
(ROS) such as free radicals (OH"), singlet oxygen (102) and superoxides (O")
which exert several adverse effects on microorganisms including disruption of cell
wall, damage of DNA/RNA (Eduok et al. 2013; Pelletier et al. 2010). Therefore,
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ENM’'s are among the increasing emerging contaminants in the wastewater
treatment plant (WWTP) (Gottschalk et al. 2011).

WWTPs have been utilized for the removal and/or degradation of contaminants
from wastewater for generations, and they still play a pivotal role in the sustainable
wastewater recycling. The treated wastewater effluent is discharged into the
natural water reservoirs that include rivers and lakes. The sludge generated during
wastewater treatment has several applications that include use as fertilizer in
agriculture. However, under certain circumstances, the sludge is disposed for
incineration where the residue ashes are landfilled or the sludge is landfilled
without any further treatment (Chaudque 2014). Once NPs are in are in the soil,
several processes can affect their fate and bioavailability. These key processes
include dissolution, sorption/aggregation, plant bioaccumulation, invertebrate
accumulation and toxicity, microbial toxicity and particle migration (Klaine et al.
2008). Furthermore, soil treatment with nCeo had no effect on respiration, microbial
biomass, and protozoan abundance, however reduction in numbers of bacteria, a
shift in bacterial and protozoan gene patterns have been reported (Brar et al.
2010; Klaine et al. 2008).

1.2 Justification

The development and manufacturing of nanomaterials have increased rapidly with
the global market estimated to have reached $1 trillion in 2015 with more than
1600 commercial products containing ENMs available (Jennings et al. 2015).
Nanoscience and nanotechnology are widely seen as having huge benefits to
many areas and are attracting investments from governments and business in
many parts of the world. Yet their application in different scientific fields including
engineering, biotechnology, biomedical, environmental and materials sciences
may raise new challenges in the safety, regulatory or ethics domain (Sillanpaa et
al. 2011; The Royal Society & The Royal Academy of Engineering,2004).

Therefore, exposure assessment is very important because their environmental
impact is poorly understood as they are released into the biosphere whether
inadvertently of intentionally (Dwivedi et al. 2015). The interaction between the
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NPs and water components in the formation or breakage of aggregates is mainly
determined by their surface properties which are controlled by the solution
chemistry (Baalousha 2009; Zhou et al. 2015). Solution pH and surface charge
mainly govern the stability of NPs in aqueous solution. NPs are mobile in most pH
ranges except where the pH is close to the point of zero charge. Inorganic salts
also have a direct effect on the NPs aggregation and addictive’'s such as
surfactants and natural organic matter significantly improves the dispersion of
NPs. The natural environment, groundwater aquifers and surface water have high
concentrations of magnesium and calcium which favour high aggregation and
deposition of NPs (Finnegan 2006; Snoswell et al. 2005; Fang et al. 2009). This,
therefore, makes wastewater an appropriate matrix for the investigation of the
behaviour of NPs as all these properties greatly vary.

WWTP receives a significant amount of nanomaterials from both domestic and
industrial sources. Some are expected to precipitate into the sludge but may find
their way back into the aquatic system via sludge used as fertilizers and the
remaining effluent will enter directly into both freshwater and marine environment
(Jennings et al. 2015). Thus, understanding the fate and behaviour of the
nanoparticles in different environmental matrices is crucial for predicting their
potential ecotoxic effects in various environmental species (The Royal Society &

The Royal Academy of Engineering,2004).

1.3 Aim and Objectives

The aim of the study was:

To monitor the fate and behaviour pristine WOs nanoparticles in a simulated
wastewater treatment plant (SWTP) by monitoring their physicochemical

properties.

The objectives of the study were:
I.  To synthesize and characterize pristine WO3 nanopatrticles (NPs)

.  To measure and monitor the chemical stability of WO3 NPs by varying ionic
strength, pH, electrolyte and NOM.
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lll.  To monitor the WOs present in the sludge and effluent and determine the

mass balance.

IV. To determine the effect of WOs on the functionality of a WWTP by
monitoring factors including COD, BODs, TDS and conductivity.

1.4 Outline of the Dissertation

From this chapter the dissertation continues as follows:

Chapter 2 details the literature review on WO3 nanoparticles synthetic routes and
its properties. A review on the stability of nanoparticles and how they can be
transported or rather react in the environment is also presented. The wastewater
treatment process is also examined and the important factors that influence the

wastewater treatment processes.

Chapter 3 outlines the methodology employed to meet the objectives of this work.
The synthetic route and characterization techniques are detailed in this chapter as

well as the setup and simulation of the WWTP.

Chapter 4 summarizes the characterization of WOs nanoparticles and provides
information on how the stability of the nanopatrticles is influenced by pH, lonic
strength, electrolytes and humic acid. The aggregation kinetics of the

nanoparticles under this conditions is explained

Chapter 5 describes the fate and behaviour of WO3 nanoparticles in a SWTP. The
impact of the nanoparticles on the functionality of the treatment plant is also

explained and the mass balance of WOs3 introduced in the system is provided.

Chapter 6 (Conclusions and recommendations) provides the key findings of
this research work and further provides recommendations on further work relating

to providing an accurate risk assessment of WO3 nanopatrticles in the environment.
References are listed at the end of each chapter.

Appendix section: selected prominent data are detailed in this section.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Nanomaterials are defined as materials smaller than 100 nm in at least one of the
three dimensions. At this scale, materials possess novel sized-dependent
properties different from their large counterparts and they are controlled by effects
of quantum mechanics rather than classical physics, many of which have been
explored for applications in water and wastewater treatment (Qu, Alvarez, & Li
2013; Barkalina et al. 2014). ENMs can be homogeneous or heterogeneous, these
include particles with core-shell structure in terms of structure and composition or
multi-functional nanoparticles. They also have different morphologies such as
sphere, needles, tubes and plates with differing properties that can respond
uniquely to organisms and the environment. Unlike metal salts in solution, the
main component of nanoparticles are normally not ionized, their oxidation state is
often zero (Min et al. 2016).

Nanoparticles can be surface coated intentionally (polymers and proteins) or
naturally (NOMs) and such coatings determine their environmental fate and
behaviour. These coatings influence how ENMs aggregate, their reactivity and
their behaviour in the WWTP.

Nanoparticles have been classified among the emerging contaminants, posing
challenges to conventional waste treatment system (Demirel 2016). A shortfall in
the wastewater plant efficiency would have adverse effects on the environment
and the quality of life. The entrance of NPs in the wastewater stream results in
them being found in the treatment plant where they have been said to inhibit
bacterial species in the in the activated sludge and result in a reduction in the
efficiency in the biological WWTP (Puay, Qiu, & Ting 2015). NPs enters the
environment and WWTP either from direct or indirect sources. Direct release

occurs through open windows to air when powdery materials are used
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unconsciously or from transport accidents and from all kind of spills. The indirect
release is when surface run-off, domestic and industrial wastewater effluent
containing NP is drained to the river and marine environment (Jennings,
Goodhead, & Tyler 2015; Fadri Gottschalk & Nowack 2011; Moore 2006; F.
Gottschalk et al. 2011).

2.2 Physicochemical properties of NPs

ENMs possess structure dependent properties such as chemical, mechanical,
electrical, optical, and biological. These properties may potentially lead to
nanostructure-dependent biological activities that differ and is not directly
predicted by the bulk properties of the constituent chemicals and compounds. The
biological activity of particles increases as the particles size decreases, smaller
particles occupy less volume, resulting in a large number of particles with a greater
surface area per unit mass and increased the potential for biological interaction
(Oberdorster et al. 2005). NPs aggregates can either homo/hetero-aggregates.
The ENM’s reactivity relies on the surface area to volume ratio which gets reduced
during aggregation. The sedimentation rate, organisms uptake, toxicity and
transportation of NP is dependent on ENM size (Ranville, Manuel D. Montafio &
James 2014). Table 2.1 summarizes different ENMs properties and provides a
brief explanation of the significance of these properties (Tiede et al. 2008).

Table 2.1: Nanoparticle properties and their importance for measurement (Tiede
et al. 2008).

Property Importance of measurement

Aggregation Nanoparticles that tend to aggregate may keep their
functionality, however, the increase in size could lead to

decrease in uptake

Elemental Different  particle  composition leads to different

composition behaviour/impact, e.g. Cd versus Fe

Mass concentration | Normally increased contaminant concentration leads to

increase in toxicity/impact, this is no always applicable for
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nanoparticles

Particle number | Nanoparticles have low mass concentrations but show high

concentration percentage of total particle numbers

Shape Different particle shapes (e.g. spherical, tubular) can
possess different affinities or accessibilities, e.g. transport
through membranes into cells, different antibacterial
behaviour

Size and size | Nanoparticles are defined and classed by their size, and

distribution size is one of the primary properties describing transport
behaviour

Solubility Soluble nanoparticles; their ionic form can be harmful or
toxic (e.g. ZnO versus Zn?*)

Speciation Different species can have different behaviour, toxicity,
impact (e.g. Ceo versus Cr, ENP complexes with natural
organic matter or oxidation state)

Structure The structure can influence stability or behaviour (e.g. rutile

or anatase as possible crystal structures of TiO2)

Surface area (and
porosity)

Increase in surface area increases reactivity and sorption

behaviour

Surface charge

Surface charge has influence on particle stability especially

in dispersions

Surface chemistry

Coatings can consist of different chemical compositions and
influence particle behaviour or toxicity (e.g. quantum dots
with CdSe core and ZnS shell)
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2.3 Tungsten trioxide (WO3)

Due to the economic benefits of using visible light radiation and because of its
predominance in the solar spectrum, the development of photocatalysts with high
activity under visible light radiation is desirable(Vamvasakis et al. 2015). Tungsten
trioxide (WQ3) is a visible light responsive photocatalyst that absorbs radiation in
the region up to 500 nm (Liu et al. 2007; Vamvasakis et al. 2015). Its main
disadvantage though is that bare WOs has lower light energy conversion efficiency
than the widely used TiOz2. Its advantages are, easily preparation of high purity
NPs, strong absorption in near ultraviolet and visible regions, and long-term
stability during irradiation in a variety of aqueous electrolytes (Liu et al. 2007).
WOs3 has a band gap ranging from 2.2 to 3.2 eV (Di Valentin et al. 2013; Liu et al.
2007; Vamvasakis et al. 2015).

WOs3 possess different crystalline phases as shown in Table 2.2, originating from
the three-dimensional array of the corner and edged sharing WOs metal-oxygen
octahedra in the original structure. The distortion is a result of the tungsten atom
being displaced from the octahedral centre and this displacement is temperature
dependent. The crystalline phase has been observed between the temperature
range of <123K to 1013K and it consists mainly monoclinic, triclinic, orthorhombic
and tetragonal obtained through the annealing and cooling process (Hai-Ning Cui
2011; Baserga et al. 2007).

Table 2.2: Show different WOs crystal structures and occurrence temperature
(Zheng et al. 2011).

Crystal structure | Crystalline Temperature
phase formation

Monoclinic Il e-WOs <-43

Triclinic 0-WOs3 -43 to 17

Monoclinic | Y-WOs3 17 to 330

Orthorhombic B-WOs3 330to 740

Tetragonal a-WOs >740

10
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However, these crystalline phases are partly reversible resulting in the monoclinic
phase being the most stable. Because of the existence of the corner-sharing in the
WOs, it possesses the perovskite-like atomic configuration structure as illustrated
in Figure 2.1 (Hai-Ning Cui 2011; Baserga et al. 2007) and the polyhedral

representation of the different polymorphs is shown in Figure 2.2.

Pari I

"— W
o—0
()— Absent

Figure 0.1: Unit cell for the perovskite lattice (Part I) and octahedral symmetries
(Part I1) in the perovskite structure (Hai-Ning Cui 2011).

%

%

e

VIOV VOV VOV

Figure 2.2: Tilt patterns and stability temperature domains of the different
polymorphs of WOs (Zheng et al. 2011).

When WOs is under neutral electrical conditions, two structural models can be
expected. Supposing one-half of the crystallographic plan of the W atoms, in the

valence state W% connected to terminal oxygen ions resulting in a transfer of

11
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electrons to the nearest W ion thus forming a W>* state while in the other part W
atoms at the surface changes their valence state to W>* to represent the surface
by W®*O20 as shown in Figure 2.3. The formation of W8*-OH results from oxidation

reaction with atmospheric air in humid conditions (Kuzmin et al. 1998).

o* ?[100]

Figure 2.3: Structural model of monoclinic WOs3 grain surface along (100) with two
possible states (Qadri 2014).

2.3.1 Synthesis of WOs3

Nanoparticle synthesis and assembly strategies mostly involve precursors from
whether liquid, solid and gas phase while using either chemical or physical
deposition approaches (Saravanan et al. 2008). The variety of techniques used
can be classified into either top-down or bottom-up approach. The bottom-up
approach includes miniaturization of materials components up to atomic level with
a further self-assembly process leading to nanostructure formation. During the
self-assembly process, physical forces operating at nanoscale are used to
combine basic units into larger stable structures. This approach consists of

chemical synthesis, chemical vapour deposition, thermal spray technique, inert

12
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gas condensation, rapid solidification and electrodeposition (Saravanan et al.
2008).

Numerous methods such as pyrolysis, thermal decomposition, colloidal chemistry
routine, Chemical vapour deposition (CVD), hydrothermal reactions, pulse laser
deposition, sol-gel (Shah & Muzyyan 2009; Wicaksana et al. 2014; Nogueira et al.
2004; Vijayakumar et al. 2015), microwave-solvothermal (Wu et al. 2008) method,
emulsion technique(Abazari & Sanati 2013), solid-state methods (Mu et al. 2015)

have been used to prepare WO3 nanostructure.

According to R. Abazari et al., these methods are complex and involve a series of
steps to perform yet their yield is low. Hydrothermal method is the most commonly
used technique, however, it still requires prolong reaction times and highly
controlled reaction conditions such as pH, temperature and templates (Mu et al.
2015). The emulsion technique may be used to synthesise nanostructures with
controlled size, morphology and crystallinity (Abazari & Sanati 2013).

2.3.1.1 Sol-gel synthesis

The sol-gel method is a wet chemistry technique used in the preparation of
ceramic from liquid precursors to a sol and a network structure called ‘gel’ (Danks
et al. 2015; Tseng et al. 2010). The starting materials for this process involves a
metal and metalloid elements surrounded by different ligands which undergo
various forms of hydrolysis and polycondensation reactions (Brinker & Scherer
1990). The formation of a metal oxide is made possible by connecting the metal
centres with either oxo (M—O-M) or hydroxo (M—OH-M) bridges, and generating
metal-oxo or metal-hydroxo polymers in solution(Tseng et al. 2010) as shown in

equation 2.1, 2.2a, and 2.2b below.

W-OR + H20 = W-OH + ROH (hydrolysis) (2.2)
W-OH + OR-W = W-O-W + ROH (condensation) (2.22a)
W-OH + HO-W = W-O-W+ H20  (condensation) (2.2b)

The sol-gel process is affected by the R-group present, the ratio of water to
alkoxide and presence and concentration of catalysts (Simonsen & Sggaard 2010;

13
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Danks et al. 2015). The synthetic route of the sol-gel process such as
polymerization and polycondensation of metal alkoxide, ion exchange method and
the oxidizing reaction of metallic W with a solution of hydrogen peroxide is
determined by the starting materials present (Dimitriev et al. 2005). The main
advantage of this process is centred on its ability to produce solid-state materials
from a homogenized chemical precursor achieved by trapping the “randomness of
the solution state” thus ensuring atomic level mixing of precursors. The sol-gel
method provides control over size and morphology of particles produced while

heating and the reaction time does influence these properties (Danks et al. 2015).

2.3.1.2 Hydrothermal synthesis

Hydrothermal synthesis is generally defined as crystal, synthesis or crystal growth
under high temperature and pressure water conditions from substances which are
insoluble under ordinary temperature and pressure. The particle size of metal
oxide depends on the hydrolysis rate and solubility of the metal oxide itself. When
synthesising under supercritical water the rate is enhanced 103 times than under
the conventional hydrothermal conditions (Hayashi & Hakuta 2010; Khanjani &
Morsali 2010).

This method has been achieved by either using the batch type reaction or the
continuous flow type thus. In this method, the control of reaction conditions is
achieved by instantaneous mixing. Sudden temperature increase, results in
supersaturation and rapid heating which is paramount in producing small and
homogenous NPs (Aoki et al. 2016).

2.3.1.3 Precipitation synthesis

The homogeneous precipitation method is the most attractive method considering
its low cost, use in large-scale industrial production without utilizing expensive raw
materials and sophisticated equipment’s (Zhang et al. 2005; Kant et al. 2016). This
method produces a high yield. However, it is challenging to obtain high surface

14
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area powders because of the irregular particle morphology, large particle size
distribution and the high degree of agglomeration (Acarbas et al. 2007). As a result
of nonuniform supersaturation in the solution, this could be controlled using
homogeneous precipitate that utilizes chemical reaction such as urea

decomposition (Acarbas et al. 2007).

Various organic compounds have been used as templates and stabilizers in this
method. This includes citric acid, (Sanchez-Marti'nez et al. 2013) urea, (Martinez
et al. 2011) polyethylene glycol (PEG), (Luévano-hipdlito et al. 2014) and ethanol
(Gomez et al. 2013). WOs NPs synthesised with citric acid and urea successfully
degraded rhodamine B after three hundred minutes (Sanchez-Marti'nez et al.
2013; Martinez et al. 2011). When using citric acid, the synthetic route involves
complexation of metal ions by poly-functional carboxyl acid having one hydroxyl

group (Sanchez-Marti'nez et al. 2013).

The decomposition of urea in aqueous solution is accompanied by slow and
controlled supply of ammonia and carbon dioxide into solution. The smooth pH
increase obtained by the degradation of urea in synchrony with the active release
of OH- and COs?" ions, usually leads to the precipitation of metal hydrous oxide
particles of controlled particle morphology since all microstructural parameters as
particle shape and size, specific surface area and porosity are quite sensitive

towards pH, metal ion concentration, temperature and aging time (Jan et al. 2006).

In this method, a tungsten salt soluble in water is widely used as a precursor.
Synthesis variables such as the time employed in the formation of the WOs
precursor in aqueous media and subsequent calcination at the appropriate
temperature can be modified in order to obtain materials with different textural
properties (Sa & Lo 2010).

2.3.1.4 Spray pyrolysis synthesis

Spray pyrolysis is an example of a breakdown method. The powder prepared by
this method when compared to those of wet chemical ones are more crystalline,

less aggregates with higher purity and have large surface areas. This method

15
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further provides a continuous preparation flow of NPs (Lee et al. 2012; Ghaffarian
et al. 2011; Arutanti et al. 2014).

In this method, the starting material is first dissolved in a solvent. Droplets will then
be produced from the solution through atomization process and later introduced to
the furnace for solvent evaporation, diffusion of solute, drying and finally
precipitation. The necessary treatment equipment for this method is summarized
in Figure 2.4 it includes an atomizer or nebulizer that converts the starting solution
to droplets, a carrier gas(es), tubular furnace/reactor, and sampler or precipitator

(Okuyama & Lenggoro 2003).

Gas-2
Gas-1 l
(carrier) l
<1, On Line
Flow } L Particesizer |
meter AN 1 | instruments Off Line
Ti—5H! || X R ——
]{ LEE Wil SE)S}‘I%M
"\ o : . .-. . T2_'_“'_— ' K, Ml ,
*A — AL N \H J Lummesc‘ence
T3 WA { !
atomizer w I .
T4 f'_;‘\: UK |
v |
TS5+ HI X
I - “T_j;_;,_,‘ M R :
Furnace Il Precipitator/
Starting 1 Sampler
solution

Figure 2.4: Representative spray pyrolysis system (Okuyama & Lenggoro 2003).

For instance, Ghaffarian et al. 2011 synthesised ZnO NPs using this method. The
precursor solution was atomized under seven (7) bar of air. The produced droplets
were then decomposed at 1000 °C in a reactor. The precipitate was then collected
and dried at 100 "C. Any unreacted precursor material was removed by washing

the precipitate with water.
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2.3.2 Modification of WOs3

Bare WOs3 has poor light energy conversion efficiency than the most commonly
used semiconductor (TiOz). This is so because the conduction band level of WO3
is more positive than that of TiO2 (Chen et al. 2015; Liu et al. 2007). The limitations
can be improved by doping with transition elements such as Cu, Cr, Ti, Fe, Al, Zr,
Zn, Mn, Al including noble metals. Doping can also be achieved by depositing
WOs3 on the surface of other semiconductors like TiO2, SnO2, AgBr, and ZnO:2
(Hameed et al. 2004; shokkumar, M., & Maruthamuthu, P., 1989; Ostachaviciute
et al. 2010; Liu et al. 2007). Non-metal doping (nitrogen) of WO3 have also been
reported for valence band modification (Cole et al. 2006). Some examples of
doping and the typical parameters investigated are given in Table 2.3. Doping or
rather depositing WOs on the surface of ZnO, SnO2 and TiO2 nanoparticles can
promote charge separation since the band gap of WOs is low and photogenerated
carriers easily accumulate in its conductor or valence band (Liu et al. 2007;
Ostachaviciute et al. 2010).

Table 2.3: Modified WO3 and the typical parameters being investigated as well as

the method used.

Photocatalyst Typical parameters of | Method used for | Reference
photocatalytic experiments synthesis

WO3/TIO; photocatalytic degradation of | facile sol-gel (Bai et al. 2015)
RhB

Mo-doped WOs3 decomposition of the agueous hydrothermal (Song et al
MB method 2010)

Se-WOQOs oxidation of organic pollutants | electrochemical (Ostachaviciute

deposition et al. 2010)
Ags:PO,~WOs3 reduction of Cr(Vl) and | deposition— (Cai et al. 2015)

degradation of orange Il

precipitation

process.
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WO3/ZnO degradation and mineralization | hydrothermal— (Lam et al

of chlorinated phenoxyacetic 2015)

deposition
acid herbicides

2.3.3 Properties of WO3

Tungsten trioxide is an n-type semiconductor material with a relatively small
indirect band gap of 2.2-3.2 eV. WOs has high chemical stability in both corrosion
and photocorrosion and cannot be further oxidized (Ali Fakhria & Behrouzc 2015).
Such stability allows WOs to possess many distinctive properties such as
chromism (electrochromism, photochromism), photocatalysis, photoluminescence,
(Abazari & Sanati 2013) and gas sensing (Susanti et al. 2012).

WOs has a melting point of 1473 "C and is soluble in alkalis and insoluble in water
with a density of 7.16 g/cm3. The nanoparticle of WOs as photo-electrochemical

cells have several advantages due to their superior physical properties including:

1. Higher surface area to volume ratio, which increases the number of reaction

sites for water photolysis;

2. Suppressed charge carrier recombination rates, since photogenerated holes are
more likely to diffuse to the photoanode/electrolyte interfaces before recombination
in nanomaterials with sizes smaller than their hole diffusion lengths (the hole
diffusion length of WOs3 is ~150 nm);

3. Enhanced optical absorption, which results from increased optical path length
by incident light scattering, caused by the change of refractive indices at the

boundaries of grains of different orientations.

However, grain boundaries also act as transportation barriers to photogenerated
electron-hole pairs and so it is essential to optimize the sizes of the nanomaterials
by varying the synthesis parameters in order to obtain optimal photo-

electrochemical performance (Kwong et al. 2013).

Application of voltage pulse in nanomaterial’s of WO3 results in electrochromism,

which is the persistence and reversible changes in optical properties revealed in
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colour changes (Zhang et al. 2010; Zhang et al. 2011). The electrochromism in
WOs films may be observed in electrochromism devices composed of the film
sandwiched between a transparent electrode and an electrolyte and a counter
electrode. Application of a negative voltage between the transparent and the
counter electrodes causes a blue coloration of the initially transparent WOs film
while inversion of the biasing voltage renders this film transparent again (bleaches
the film). The coloration may be divided into two parts: an initial fast followed by a
second slower one. The former has been attributed to the injection of electrons
into the initially empty conduction band of the WOs3, the bottom of which is formed
by the overlap of the d bands of the metallic ions. Due to the low mobility of d
electrons and their localization near the metallic ions, they correlate; the
electrostatic repulsions between them causing the splitting of this d-like band in
two sub-bands. The electronic transitions between these two bands cause the
initial fast part of the observed coloration (Kostis et al. 2013).

2.3.4 Application of WO3

Transition metal oxide systems exhibit numerous exciting properties in the arena
of superconductivity, colossal magnetoresistance effect, piezoelectricity,
microelectronics, photonics and photocatalysis (Kumar & Mohanta 2011). As a
result, their applications ranges from smart windows technology to dye-sensitized
solar cells, (Zheng et al. 2010) from sensors to photo-electrochemical water
splitting, from high Tc superconductivity to heterogeneous catalysis (Di Valentin et
al. 2013).

Its technological applications include the construction of infrared switching
devices, writing—reading erasing optical devices, gas sensors for the determination
of hydrogen, ammonia and nitrogen and also used in temperature sensors and in
detecting air humidity (Vijayakumar et al. 2015). WOs3 has been widely applied as a
colloidal quantum dot light emitting device, (Wood et al. 2009) bulk-hetero-junction
solar cells, (Simchi et al. 2014) optical modulation devices and large information
display (Li et al. 2010).
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Environmental applications may also benefit with the use of WOs in the
photocatalytic reduction process of CO:2 into hydrocarbon fuels, (Chen et al. 2012)
bacteria destruction,(Wang et al. 2009) and visible light photocatalyst to generate

OH radicals in the wastewater treatment (Chen et al. 2012).

2.3.5 Toxicity of tungsten compounds

The study of the toxicity of tungsten and its compounds is still at infant stages
even though there is emerging evidence of its health effects (Witten et al. 2012).
Dissolution of metallic tungsten can have adverse effects on the environment
including soil acidification and direct or indirect toxic effects on plants, soil
microorganisms and invertebrates. Acidification often favours the formation of
polytungstates which are considered to be antiviral, antitumoral and antimicrobial
agents (Strigul et al. 2010). Thus, the toxicity of tungsten compounds depends on
the chemical forms of the tungsten compounds and the exposure pathway (Strigul
et al. 2005). This was supported by work done by Strigul et al. 2010 which found

that sodium metatungstate was significantly more toxic than sodium tungstate.

Research has also shown that tungsten can replace molybdenum in both plants
and microbial enzymes leading to the functional activity of the enzyme being
reduced. This often results in alteration of the nitrogen cycle in which the
molybdenum-containing enzymes plays a significant role in inhibiting both the
nitrogenase and nitrate reductase activity in heterocystic cyanobacterium

Anabeana sphaerica (Strigul et al. 2009).

The toxicological effects of tungsten on adult animals have been witnessed only at
high tungsten compounds concentrations. Tungsten has been reported to
demonstrate fetus toxicity and affects the early stages of fish development. The
mechanisms of these effects remain unknown due scarcity of experimental data
thus more research needs to be done in this direction (Strigul et al. 2009). At
present, there are no drinking water standards or discharge limits in the South
Africa. The Russian Federation regulates tungsten in drinking water (0.05 mg/L)

and fishing lakes and rivers (0.0008 mg/L) (Koutsospyros et al. 2006).
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2.4 Fate and behaviour of NPs

Several physicochemical properties might have an influence on the fate and
transportation of engineered nanoparticles which will vary across the aquatic
system and between materials. Aquatic chemistry dictates that interaction between
natural water components and ENPs might result in the formation or a break-up of
aggregates based on the surface properties of the nanoparticles. However, due to
their large surface area, NPs are most likely to bind metal and other water-borne
contaminants and presence of these other natural species can also change the
surface charge on the NPs (Weinberg et al. 2011). Table 2.4 shows a summary of

commonly studied environmental processes that directly affect ENPs persistence.

Table 2.4: Potential Fate of nanoparticles in the aquatic system (Galyean et al.
2012; Weinberg et al. 2011).

Process Implications for Measurement

Dissolution Loss of particle state as it becomes dissolved

Deposition Loss on sample container surface; change in phase during sample
processing

Sedimentation Moving out of suspension; relevant during coagulation treatment

Agglomeration Target single or clumped particles; increase in surface area

increases reactivity and sorption

Decomposition | Biodegradation or change of valence state

Coated Natural polymers may embed the particles; released before
analysis

Association Sorption to suspended matter could increase their removal during
treatment

Reaction Affected by photolysis, biological, or chemical mechanisms
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Dissolution is also related to NP shape and crystal structure; smaller NPs have
higher dissolution rates compared to larger particles of the same composition.
Depending on the shape and crystal structure, the free energy of the particle is
distributed differently, affecting the dissolution and redox-reactions. Figure 2.5
below illustrates the important physiochemical properties that need to be
understood during the characterization (Luyts et al. 2013).

Figure 2.5: Important physio-chemical properties for NP characterization and their

interrelations (Luyts et al. 2013).

2.5.1 Effect of abiotic factors on the fate and behaviour of NPs

Several studies have reported that dissolved natural organic matter (NOM), ionic
strength, type of electrolyte, aggregation state, and pH can all impact the stability

and dissolution of NPs in water (Bian et al. 2011).

2.4.1.1 pH

The pH of a solution is an important controlling parameter in the photocatalytic
reduction of metal ions on semiconductor metal oxides. It is responsible for
determining the surface charge properties of the photocatalyst and the adsorption
behaviour towards pollutants (Yang et al. 2011). Change in pH values can result in
a variation on the aggregation of ENPs. Investigations on the effects of pH on
graphene oxide (GO) NP in natural and synthetic waters showed that the
hydrodynamic diameter (Dn) was approximately 250 nm in the pH range of 4-10,
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however, increase sharply (>1000nm) in more acidic conditions, that is pH <4. The
increase in the Dn was a result of reduced electrostatic repulsive forces between
the (GO) NPs (Dwivedi et al. 2015). pH also can change the zeta potential of metal
oxides and the changes are significant in the pH range of 6-8. Solutions of NP with
negative zeta potential are unlikely to aggregate very rapidly due to the repulsion
of their charges (Weinberg et al. 2011). The point of zero charge (PZC) for WOs
has been reported to be around pH 2.5.The dissolution of this NPs is assisted by
different ionic species depending on the position with reference to the PZC (Anik &
Cansizoglu 2006; Anik 2006; Anik 2009).

In both before and after the PZC, WOs undergo dissolution. Under acidic
conditions, the dissolution process is assisted by H* and in alkaline medium by
OH-. At the vicinity of the PZC dissolution is H20 assisted. The dissolution of WO3
follows the equations below:

WO0,(s) + H* - WO0,0H*(aq) acidic medium
WO,(s) + H,0 — H,W0O,(aq) point of zero charge
WO, (s) + OH™ — WO0; (aq)+ H” alkaline medium

2.4.1.2 Type of electrolyte

In different electrolyte solutions, TiO2 NPs have been reported to form aggregates.
Divalent cations may cause aggregation at a wider range of pH compared to
monovalent cations. This is due to the specific adsorption effect that prevents the
surface charge acquiring a negative charge large enough to create a potential
barrier large enough to stop aggregation. The stabilization effect of NOM overrides
the divalent ions influence towards aggregation at low cation concentrations. At
high concentrations, cations such as Ca?* neutralizes the electrostatic stabilization
thus inducing aggregation. This is not observed with Mg?* though, suggesting the
existence of Ca?*-NOM interactions such as calcium bridges (Belen et al. 2013;
Weinberg et al. 2011).

A similar observation was made by Peng et al. 2015 that ZnO NPs has a higher

aggregation rates in presence of divalent ions compared monovalent ions. This is
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ascribed to the fact that high concentration of electrolyte or higher valent counter-

ions causes reduction in energy barriers thus enhancing aggregation.

2.4.1.3 lonic strength

The stability of metal oxide NPs in aqueous solution depends greatly on the ionic
strength of the medium. The increase in ionic strength often results in a decrease
in zeta potential. NPs interaction becomes repulsive at low ionic strength. The
repulsive electric double layer decreases as the ionic strength increases resulting
to net zero interaction forces thus high rate of agglomeration and sedimentation.
This is due to high ionic strength compressing the electric double layer thus

reducing the repulsive forces in the process (French et al. 2009; Bian et al. 2011).

2.4.1.4 Interaction with macromolecules

The chemistry between the different NP properties and also interfaces with their
environment determine the biological activity and toxicity of NPs (Luyts et al.
2013). ENMs are mostly designed with macromolecular coatings such as
polymers, and proteins for determination of their environmental fate and
behaviour. Both coated and uncoated will also interact with natural
macromolecules, such as natural organic matter (NOM) or humic substances, and
proteins when introduced into a natural agqueous environment or up taken by an
organism (Louie et al. 2016). Thus, these natural macromolecules will tend to
determine the final size of the NPs (Belen et al. 2013). Depending on the surface
charge, different kinds of proteins present in the dispersant, culture medium or
biological fluid will adhere to the NP surface thereby blocking particular parts of the
NP surface. As a consequence, the particle will interact differently with its
surrounding milieu and maybe this will change its reactivity and aggregation

properties (Luyts et al. 2013).

Metal oxides NPs adsorb to NOM thus reducing their aggregation in the natural

aguatic environment (Weinberg et al. 2011). Various studies proposed that NOM
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provides steric repulsion forces that can possible prevents aggregation or
produces disaggregation of NPs aggregates leading to a higher dispersion than
expected (Belen et al. 2013; Bian et al. 2011).

2.4.1.4.1 Humic Acid

Humic acids (HA) are macromolecules with a molecular size ranging from 10 000
to 100 000 comprising of humic substances (HS). HA is dark brown to black in
colour. HS are organic in nature and they are found in the terrestrial soil, natural
water and in sediments. They are mainly products of decayed vegetation and
natural residues. Commercial HA is mainly extracted from peat and coal. This
constitutes of weak aliphatic carbon chains and aromatic organic acids. HAs are
considered to be flexible linear polymers with random coils with cross-linked bonds
(Robert E. Pettit n.d.; de Melo et al. 2015).

HC O
(HC OH)g  (sugar)

COCH
O O Q Py
CH CHa
—CH
(|3—O (peptide)

MH
Model structure of humic acid (Stevenson 1982) *

COOH

Figure 2.6: A structural illustration of humic acid.

2.4.1.4.2 Properties of HA

HA differs from the other HS such as fulvic acid and humins in that, it is soluble in
alkaline media, partly soluble in water and insoluble in acidic medium with pH<2.
This classification, however, could vary depending on the HA composition
parameters such as pH and ionic strength. The functions of HA are attributed

mainly to the presence of the phenol and carboxylic acids functional group which
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enables the deprotonation of the OH/OOH. Furthermore, HA forms salts with
inorganic trace mineral elements which bind in such a way that they are easily

utilized by various living organisms (de Melo et al. 2015).

2.4.2 Stability measurements of NPs

Accurate characterization of NPs at different stages is crucial in order to correlate
properties of the NPs to their toxicity. The stability of NPs dispersions and their
tendency to agglomerate can be due to steric, electrostatic and, van der Waals
forces between particles using the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory (Jingkun Jiang, Pratim Biswas, Gunter Oberdorster 2009; Bian et al. 2011).
This theory accounts for two forces acting amongst particles, van der Waals
Attraction (Va) and electrostatic diffuse double-layer repulsions (Vr). The sum of
these two forces will determine the overall interaction between particles be
whether repulsive or attractive as per equation 2.3.

V, =V, +V, 03

v, = {64nskTGz }(Kd,
K (2.4)

Where:

G= tanh(zel’yj
aKkT (2.4.1)
Ns =Np™c (2.4.2)
K =2.32%10° (3¢, *z)" (2.4.3)

—Ay
V =

A 1272d2 (2.5)

where k is the Boltzmann constant, T is the absolute temperature, ns is the number
of molecules or ion pairs per volume which can be calculated with equation (2.4.2),
where ¢ is ion molar concentration and Na is the Avogadro’s number. The G

parameter is computed per equation (2.4.1), where z is the charge of the ions, y is
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the experimental zeta potential, and e is the electron charge. K is the inverse
Debye length (K) which is calculated using equation (2.4.3), where ci is the ion
molar concentration and zi is the charge of the ion and Ax Hamaker constant in
equation 2.5. Equation (2.4) is only valid with Kd is much bigger than 1 (Stumm,
Werner, and Morgan 2013; Romanello and Fidalgo de Cortalezzi 2013).

However, there are limitations to this theory in the sense that the actual
measurements and the DLVO theory done in the presence of divalent ions seem
to disagree to the failure of the diffuse double-layer theory at short distances from
the surface. Furthermore, at distances below 5nm other forces like hydration,
solvation and capillary effects might be operational (Stumm, Werner, and Morgan
2013). Figure 2.7 summarises factors that pose challenges to the DLVO theory by
modelling two solid spheres approaching each other in suspension. Furthermore,
NPs challenges the limits of the DLVO theory mainly due to their small size,
variable shapes, structures, composition and the potential presence of adsorbed
or grafted organic macromolecules. Research has actually proven that this
challenges when acting simultaneously will affect the behaviour of NPs in the

environment (Hotze et al. 2010).

<) 2
Q 4‘7 % ;_}\?’

TiO anatase article forces in DLVO

¢
e p

" TiO; rutile

Structure

Figure 2.7: Factors Influencing two spheres in suspension under DLVO theory
(Hotze et al. 2010).
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2.4.3 Possible reaction routes of NPs

When NPs interacts with organic or inorganic ligands, a chemical reaction such as
redox, precipitation, adsorption, complexation, and photochemical reactions can
take place on the surface of NPs. These reactions often result in morphological
changes, and the likely formation of core—shell structures as illustrated in
Figure 2.8. Metallic NPs are most likely to suffer redox reaction, for instance, Ag,
Cu, and nzVI, and metal oxide NPs, such as iron oxides. The oxidation of Fe
oxides such as magnetite may change the magnetic properties and, thus, the
magnetic forces between particles, which influence the aggregation behaviour of
the material thus decreasing the aggregation rates of magnetite NPs while

enhancing their potential colloidal stability (Wagner et al. 2014).

Figure 2.8: Possible reactions of nanoparticulate materials in natural aquatic
media, with a nano iron oxide particle (NIOP) used as an example (Wagner et al.
2014)
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Moreover, surface properties controlled by the solution chemistry mainly governs
the formation and disaggregation of NPs aggregates which is an important
surface-driven phenomenon encountered in the aquatic and terrestrial
environments. Consequently, aggregation and/or disaggregation impact particle
concentration, contaminant sorption/desorption reactions and contaminant and
trace metal speciation, bioavailability and transport in aquatic and terrestrial
environments (Baalousha 2009).

Work done by Wagner et al. 2014, showed that incident light can induce
photochemical reactions of NPs in surface environments. These may comprise the
generation of free radicals, excitation of the photoactive material, and
photodegradation. Carbon based NPs such as carbon nanotubes and fullerenes
are oxidized under UV irradiation thus enhancing the production of reactive
oxygen species, aiding in the degradation of organic contaminants. Ag NPs coated
with polyvinylpyrrolidone, which is believed to bind strongly to NPs, are stable
under irradiation with sunlight. NPs coated with gum arabic, which binds more
weakly to NPs, aggregate through strong oscillating dipole—dipole interactions.
Furthermore, the irradiation of NOM with sunlight can produce superoxide and
hydrogen peroxide species that can reduce ionic silver to metallic silver
nanoparticles or could potentially induce redox reactions on the particle surfaces,

when NOM is sorbed on the particle.

2.5 Wastewater treatment plant (WWTP)

The South African water Act of 1956 declared that effluent be treated to
acceptable standards before being returned to the original water (Morrison et al.
2001). Currently, the country has over 50 wastewater treatment plants distributed
in eight (8) provinces (Chauque 2014).

WWTP is defined as the engineered system used in the treatment of both
domestic and industrial wastewater (Chong et al. 2010). On the other hand,
wastewater is the combination of liquid and water-carried waste removed from the
residence, commercial, industrial and institutional facilities with the addition of

ground, storm and surface water disposed of into the sewage system. It
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constitutes mostly oxygen demanding waste, pathogens, organic matter, nutrients,

and minerals and may contain some toxic compounds (Sonune & Ghate 2004).

The composition of untreated domestic wastewater is summarized in Table 2.5. It

is important to note though that these parameters can vary in different societies.

Table 2.5: Typical untreated raw wastewater profile (Metcalf & Eddy 2004).

Concentration

Contaminants Unit Low Medium High
Strength Strength Strength
Total solids (TS) mg/L 390 720 1230
Total dissolved solids (TDS) mg/L 270 500 860
Fixed mg/L 160 300 520
Volatile mg/L 110 200 340
Total suspended solids (TSS) mg/L 120 210 400
Fixed mg/L 25 50 85
Volatile mg/L 95 160 315
Settleable solids mg/L 5 10 20
Biochemical oxygen demand, 5-d, 20°C
(BOD, 20°C) mg/L 110 190 35p
Total organic carbon (TOC) mg/L 80 140 260
Chemical oxygen demand (COD) mg/L 250 430 800
Nitrogen (total as N) mag/L 20 40 70
Organic mg/L 8 15 25
Free ammonia mg/L 12 25 45
Nitrites mg/L 0 0
Nitrates mg/L 0 0
Phosphorus (total as P) mg/L 4 7 12
Organic mg/L 1 2 4
Inorganic mg/L 3 5
Chlorides mg/L 30 40 90
Sulphate mg/L 20 30 50
Oil and grease mg/L 50 90 100
Volatile organic compounds (VOCSs) pg/L <100 100-400 >400
Total coliform No0./100 mL 106-108 107-10° 107-10%°
Fecal coliform No0./100 mL 108-10°% 104-108 105-108
Cryptosporidumoocyts No./100 mL 101-100 101-10t 101-10?
Giardia lamblia cysts No./100 mL 101-10t 101-10? 101-103
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Conventional wastewater treatment involves physical, mechanical, biological and

chemical processes (Robert 2003). The different units and processes may be

grouped together to form various treatment levels known as preliminary, primary,

advanced primary and advanced (tertiary) treatment (Sonune & Ghate 2004;
Metcalf & Eddy 2004). Table 2.6 provides the descriptions on each of the

treatment levels stated. The treatment technologies being used in this levels

include adsorption, coagulation, sedimentation, filtration, chemical and membrane
technology (Ghaly et al. 2014; Chong et al. 2010).

Table 2.6: Levels of wastewater treatment (Metcalf & Eddy 2004).

Treatment level

Description

Preliminary Removal of wastewater constituents such as rags, sticks,
floatables, grit, and grease that may cause maintenance or
operational problems with the treatment operations, processes,
and ancillary systems

Primary Removal of a portion of the suspended solids and organic

matter from the wastewater

Advanced primary

Enhanced removal of suspended solids and organic matter from
the wastewater. Typically accomplished by chemical addition or

filtration

Secondary

Removal of biodegradable organic matter (in solution or
suspension) and suspended solids. Disinfection is also typically

included in the definition of conventional secondary treatment

Secondary

removal

with

nutrients

Removal of biodegradable organics, suspended solids, and
nutrients (nitrogen, phosphorus, or both nitrogen and

phosphorus)

Tertiary

Removal of residual suspended solids (after secondary
treatment), usually by granular medium filtration or micro-
screens. Disinfection is also typically a part of tertiary treatment.

Nutrient removal is often included in this definition

Advanced

Removal of dissolved and suspended materials remaining after
normal biological treatment when required for various water

reuse applications
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2.5.1 Operation of conventional WWTP

Biological WWTP is dependent on the presence and use of microorganisms to
biodegrade contaminants from wastewater prior to discharge as treated effluent.
Biological treatment can be divided into three (3) basic categories which are
namely: aerobic, anaerobic and anoxic. The aerobic biological treatment is when
microbes and oxygen come to contact with the wastewater in a reactor to optimise
the growth and efficiency of biomass (Hero 2014).

The basic unit of operation of the activated sludge process is the floc. The floc is
suspended in the aeration tank and consists of millions of aerobic micro-organisms
(bacteria, fungi, yeast, protozoa, and worms), particles, coagulants and impurities
that have come together and formed a mass. This mass is irregular in shape and
helps to collect pollutants, both organic and inorganic, in the wastewater by
adsorption, absorption or entrapment (Anon 1997). The treatment processes can
be regrouped into primary, secondary and tertiary processes with the steps
involved as shown in Figure 2.9. Microorganisms will biologically degrade organic
contaminants and as soluble oxygen is constantly supplied. The wastewater and
microorganisms are then separated through gravity in the secondary clarifier. The
settled sludge is then returned back to the aeration basin while the clarified water
is passed to the next vessel for further treatment (World Bank Water 2016;

Ahansazan et al. 2014; Nazaroff n.d.).

. Grit Waste sludge
|Scrien1ng A Slu;:lge (OptTﬂ)
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Sludge

Figure 2.9: Typical flow diagram of an activated sludge process for wastewater
treatment (Metcalf & Eddy 2004).
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The main advantage of this process is the efficient removal of biological oxygen
demand (BOD) and chemical oxygen demand (COD) (World Bank Water 2016).
The biodegradable carbon is measured using as BOD which is a several days’
measurement such as in 5, 7 and 10 days. However, the five-day biological
oxygen demand (BODs) is the most commonly used due to time constraint and the
necessity of the data during treatment monitoring BODs is the measure of the
amount of oxygen that the bacteria will consume over a five-day period while
decomposing organic matter under aerobic conditions. BODs sets a limitation for
process monitoring due to delayed results availability thus there is now a move to
replace BODs as a measure of influent strength, with a short-term test (BODsr),
which can be carried out over a timescale of 30 minutes to several hours (Davies
2005).

The main objective of the WWTP is to reduce the amount of BOD in the effluent
before releasing to natural water. While COD is a measure of the total oxygen
necessary to oxidize all organic materials into carbon dioxide and water. Both
COD and BOD are the indications of pollution degree of water and are a
comprehensive index of the relative content of organics (Northeast Georgia
Regional Development centre, 2001). The values obtained for BODs are always
lower than those for COD since activated sludge bacteria cannot degrade some of
the compounds oxidized chemically in the COD test. Some of the carbon removed
during the BODs test is not oxidized but ends up in new bacterial biomass.
Therefore, the BODs is only measuring the biodegradable carbon that is actually
oxidized by the bacteria (Davies 2005).

The extent of oxidation can be affected by the digestion time, reagent strength and
sample COD concentration as illustrated in equation 2.12 illustrate the general
formula for determining COD. Organic matter if first oxidized using excess
potassium dichromate and the excess later removed by titrating with ferrous
ammonium sulphate (FAS) (Standard methods for the treatment of water and
wastewater, 1999). The presence of chlorine ions in the sample may result in an
increased consumption of dichromate as it will be oxidized during the process thus
leading to an overestimate of COD values. Mercuric sulphate is then used as an

inhibitor for this process due to its reaction with chlorine. The reactions taking
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place during the oxidation can be expressed by the following series of equations
2.6-2.11 (Environmental agency, 2007; Saral & Goncaloglu 2008).

Oxidation reaction:

C,H,0, +dCr,0,” +2dH" - xCO, + y+22d H,O +2dCr®’ (2.6)
Iron(ll)/dichromate titration:

6Fe2* + Cr207 2 + 14H* — 6Fe3* + 2Cr3* + 7H20 (2.7)
Chloride interference reactions:

Cr207 2 +6CI + 14H* — 2Cr® + 3Cl2 + 7H20 (2.8)
Hg?* + 4ClI — [HgCl4]* (2.9)
Cr3* + 6CI — [CrClg] & (2.10)
Ag* + ClI — AgCl (2.11)

(A-B)*M*8000
mLSample

COD= (2.12)

Where:
A = mL FAS used for blank,
B = mL FAS used for sample,
M = molarity of FAS, and

8000 = milliequivalent weight of oxygen x 1000 mL/L

2.5.1.1 Activated sludge performance characteristics

2.5.1.1.1 Food per microorganism ratio (F/M)

COD and BOD are used as the measure of organic matter available to the
microbes and the volatile suspended solids as an indication of total microbes in
the activated sludge (Robert 2003). The rate of biomass growth and the respiration

rate increases with an increase in BOD loading. The increase in biomass
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corresponds to an increased removal of BOD. The F/M ratio can be calculated by
dividing BOD with mixed liquor suspended solids (MLSS) following equation 2.13:

BOD (g/m*)*Flow (m*/d)

FIM= . 3
MLSS (g/m”)*Working volume (m™)

(13)

The F/M ratio increases with an increase of BOD removal, growth rate and
respiration rate. The F/M values range from 0.5 - 1.0 however 0.2 - 0.5 is usually
aimed for in a conventional treatment plant (Davies 2005).

2.5.1.1.2 Nutrients

The main substrate is carbon, however, nitrogen and phosphorus are also
required for growth with the addition of the trace element such as sodium, iron,
potassium and magnesium which are available in abundance in domestic
wastewater (Robert 2003; Davies 2005). The optimum ratio of C:N:P in the mixed
liquor is thought to be 100:5:1. The nutrient ratio has been reported to be 100:17:5
and 100:19:6 in settled domestic wastewater and it is close to the ideal values
necessary for the growth of the activated sludge even though industrial
wastewater can vary in combination. Wastewater from the brewing, pulp and
paper industries is usually deficient in phosphorus and nitrogen thus a need to add
in order to attain to the correct ratio necessary for microbial growth (Davies 2005;
Ahansazan et al. 2014)

2.5.1.1.3 Temperature

The removal efficiency of BOD is increased up to 95% as the temperature
increases from 0-30°C ( Robert 2003). This is evidence that temperature does
affect the performance of a biological sludge system. At lower temperatures, there
is reduced predation, increased solids production and poor flocculation (Wesley
2000; Robert 2003). The OECD guidelines stipulate a 20-25°C  working range
(OECD 303A 2001)
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2.5.1.1.4 pH

This indicates the how much acidity or alkalinity an agueous medium is. The
optimum wastewater pH ranges from 7-7.5 for activated sludge systems. Once the
pH range is outside the range of 5-10 there may be interference with the biological
processes. Moreover, there is a substantial effect on the removal of BOD between
the pH range of 6-9 (Robert 2003; Anon 1997).

2.5.1.1.5 Mixed liquor suspended solids

Mixed liquor suspended solid is the concentration of suspended solids present in
the aeration vessel during the activated sludge process which can either be raw or
unsettled wastewater (Anon 1997). A significant amount of MLSS can sometimes
be inorganic matter thus most engineers prefer deriving the weight of the organic
matter in sludge. This is achieved by combusting the already dried solids at 500°C
to obtain volatile organic matter called the mixed liquor volatile solids. MLVSS
approximates the total microorganism present in an activated sludge. For
extended aeration, the value of MLSS ranges from 800 to 1500 mg/L. However, it
can get up to about 8000 mg/L for low rated systems (Davies 2005). When MLSS
is high, the system is prone to bulking and the system will become overloaded
resulting in a decrease of dissolved oxygen thus treatment efficiency will also

decrease (Ahansazan et al. 2014).

For MLSS determination, a well-mixed sample is filtered through a weighed
standard glass fibre filter. The residue left on the filter is then dried at a
temperature range of 103-105 °C to a constant weight. The increase in the filter

weight represents the total suspended solids of the sample (Anon 2016).

2.5.1.1.6 Dissolved oxygen

The amount of oxygen present in the aeration vessel determine the respiration

rate of the flocs and hence growth. When the DO concentration is above the 1.5-
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2.0 mg/L range, it will not be limit the activity of bacteria flocs (Davies 2005).
However, Low DO concentrations when prolonged can favour undesirable
organisms such as the filamentous type of bacteria to grow. If the DO
concentration rises too high, it can cause problems such as flock particles to float
on the surface of the secondary clarifier. Therefore, it is crucial in maintaining
proper levels of DO in the aeration chambers (Ahansazan et al. 2014).

2.7 Characterization Techniques

The detection and characterization of ENMs are not only important for the
assessment of their potential risks but to guarantee an adequate and reliable
labelling of food products containing ENMs (Graf et al. 2014). To accomplish this,
access to robust analytical methodologies is essential as not only the composition
and concentration are to be determined but also the physical and chemical
properties of the engineered nanoparticles as with their importance of measure,
within the sample and the chemical characteristics of any capping/functional layer
on the particle surface (Tiede et al. 2008). Properties to be considered during
extensive characterization should include NP size, size distribution, shape, surface
area, redox potential, purity and identity of contaminants, catalytic activity, and
dissolution potential. The potential to generate reactive oxygen or nitrogen
species, and agglomeration state (Weinberg, Galyean, and Leopold 2011). Such
techniques should be sensitive enough to measure very low concentrations and be
capable of minimizing sample disturbance to ensure that laboratory analysis
reflects the unperturbed environmental state (Tiede et al. 2008).

A wide range of methods that can be used as a characterisation of NPs is
available. Some of the techniques advantage and the information that can be

derived from each technique is summarized in Table 2.7.

37



Chapter 2: Literature Review

Table 2.7: Characterization techniques for NPs and their limitations (Louie, Tilton,
and Lowry 2016; Graf et al. 2014)

Method Properties Advantages Disadvantages Limitations

/Information

Raman Oxidation state, Compatible with Parameter effects | Surface enhancement
Structure, Sizing | aqueous is only for ENMs with
suspensions and strong localized
wet NP samples. surface plasm on
resonance.
SEM Sizing High Resolution High vacuum, Lower resolution than
Sample TEM.
preparation

contrasting

charging effect.

TEM Sizing, Shape, High Resolution Sample Poor sensitivity to thin,
Visualization, preparation, High low electron density
Structure vacuum, organic coatings
Contrasting. without staining.
UV/Vis Concentration, Insitu Insensitive Interference due to
Spectro- some structure measurements on ENM aggregation.
scopy or size liquid suspension.

information can

be derived.
DLS Hydrodynamic Insitu Difficult to interpret | Reliance on
layer thickness, measurement, results based on subtraction of coated
Z-average useful to follow weighted sizes. and uncoated particle
aggregation sizes.
process
XPS Sizing, Shape, Atomic Possible sample Detailed models
Elemental composition of damage required for accurate
composition, layer from 1-10 analysis of layer
Oxidation state nm, thickness on NPs
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2.6.1 Powder X-ray diffraction spectroscopy (XRD)

Powder X-ray diffraction (XRD) is a popular analytical technique, which has been
used for the analysis of both molecular and crystal structures, qualitative
identification of various compounds, quantitative resolution of chemical species,
measuring the degree of crystallinity, isomorphous substitutions, stacking faults,
polymorphisms, phase transitions, particle sizes (Das et al. 2014; Kuzmin et al.
1998). The materials can be powders, single crystals, multilayer thin films, sheets,
and fibres. In XRD, a monochromatic X-ray beam is focused on sample material to
resolve structural information in the crystal lattice (Das et al. 2014). X-ray

diffractometers can be classified into two groups:

(i) single crystal, usually applied for the determination of molecular structures

mainly of new compounds and

(i) the powder diffractometers usually applied for routine phase identification
and quantification. The powder diffractometers can also be configured to
enhance many applications including variable-temperature studies, texture
and stress analysis, grazing incidence diffraction, and reflectometry
(Chauque 2014). If the incident X-rays of wavelength (A) strike a crystal
where all atoms are placed in a regular periodic array with interplanar
spacing d, diffraction beam of sufficient intensity is detected only when the

“Bragg law” is satisfied as per equation 2.14 (Jenkins 2000).
N\ = 2dsin0 (2.14)

Where n is called the order of reflection and is equal to the number of wavelengths
in the path difference between diffracted X-rays from adjacent crystal planes as

shown in Figure 2.10.
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Figure 2.10: Scatter and diffraction from an ordered arrangement of atoms
(Jenkins 2000).

The position of the peaks in an x-ray diffraction pattern is determined by the crystal
geometry. The more symmetrical the material, the fewer the diffraction peaks. The
intensities of these peaks | determined by the arrangement and the type of atoms
within the crystal lattice. The radiation contains several wavelengths denoted Ka1,
Ka2, and KB which are characteristic of the material producing the x-ray. The
smaller the wavelength, the more energetic and penetrating the radiation (Formica
1997).

XRD can also be used to determine the nanocrystallite size in a nanocrystalline
bulk materials, using the Scherrer equation, where the average crystalline size ‘L’
is:
KA
[cosé

(2.15)

Where A is the X-ray wavelength (nm), 8 is the peak width of the diffraction peak
profile at half maximum height in radian and K is a constant related to crystalline
shape (Monshi et al. 2012).

2.6.2 Transmission electron microscopy (TEM)

The transmission electron microscope is one of the most widely acclaimed
instruments for measuring the dimensions of nanostructured objects in the

nanometre and sub-nanometre ranges especially in the field of nanotechnology

40



Chapter 2: Literature Review

(Zablotskii et al. 2013; Zhao & Yang 2010). This technique is mainly used for the
determination of particle size and shape. TEM uses an electron beam which gets
transmitted into an ultrathin specimen and interacts with the sample to form an
image on a photographic plate or screen (Joshi et al. 2008). The use of electrons
to illuminate the sample instead of light make TEM to have a higher resolution with
a factor of about 1000 compare to light techniques (Lazar et al. 2012). The
radiated electron beam consisting of uniform current density is focused into a
plane of a thin specimen with the aid of magnetic lenses, some electrons
penetrate and appear on the other side of the specimen (Tomlinson 2011) to form
the image as it is magnified by the objective lens (Joshi et al. 2008) as illustrated
in Figure 2.11. The image can be obtained by direct exposure of a photographic
emulsion or an image plate inside a vacuum, or digitally via a fluorescent screen
coupled by a fibre-optic plate to a charge-coupled device (CCD) camera (Reimer &
Kohll 2008). This microscope depends on the transmission of the electron through
the specimen so the specimen should be extremely thin (<150 nm thick). The
electrons cannot pass through thick specimens since the interaction of electrons
with the atoms and the local electrons inside the material is high (Abudayyeh
2012).

Electron gun | |

Objective aperture

Objective lens

T
. Diffraction lens
Intermediate aperture
- Intermediate lens
. [Z[l-f =] Projector lenses
Binocculars %g 0T Ei‘:[l

luorescent screen
—

( ) S—
[[ Image recording systemJ

Figure 2.11: Schematic Diagram of TEM (Abudayyeh 2012).
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There are essentially three types of lenses used to obtain the final image. These
are condenser, objective, and projector lenses. The function of condenser lenses
is to concentrate and focus the beam of electrons coming from the filament onto a
sample to a uniformly illuminate it. The objective lens and its associated apertures
are the heart of the TEM. These are used to form the initial enlarged image of the
iluminated portion of the specimen in a plane that is suitable for further
enlargement by the projector lens. When the electrons pass through the sample,
some of them passes through the dense atoms and only a few are deflected.
These scattered electrons generally make their way down in the column and
contribute to the image. So, in order to eliminate these scattered electrons to form

the image, an aperture is placed at the objective lens (Qadri 2014).

Transmission electron microscopy (TEM), coupled with energy dispersive
spectroscopy (EDS), has been shown to be an effective, powerful tool for
examining geochemical question on the individual particle scale. This technique is
suited to provide information on the size, morphology, crystallinity, and elemental
composition of single particles as well as on their physical and spatial associations

(https://www-ssrl.slac.stanford.edu).

2.6.3 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is another technique other than TEM that is
used for imaging the surface structure of semiconductors. SEM could also be used
to identify the size of particles and examine the morphology of the surface,
especially with samples which are reasonably thick. During imaging, SEM
produces a high-energy electron beam that interacts with the surface of the
sample which in turn emits secondary electrons. The emitted electrons are either
backscattered and diffracted backscattered electrons, which are all captured by
detectors and are transformed into a high depth of field image. This gives the
image a 3-dimensional appearance despite being a two-dimensional image (Martin
2015).

During SEM analysis, the specimen in question should be conductive to enable
the electron beam to scan the surface and provide a path for the electrons to
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ground for conventional imaging. For non-conductive specimen, they are
commonly coated with a conductive material under low vacuum sputter coating or
high vacuum evaporation. This is done to prevent the build-up of static electric

charge on the specimen during the electron radiation process (Joshi et al. 2008).

2.6.4 Raman spectroscopy

Raman spectroscopy is a characterization technique used to study vibrational,
rotational, and other frequency modes in a system (Joshi et al. 2008). This
technique relies on scatter light to gain information regarding molecular vibrations
which in turn provides knowledge about the structure, symmetry, electronic
environment and bonding of the molecule. When a molecule is exposed to light
radiation, an inelastic and elastic scattering of light could possibly occur (Das &
Agrawal 2011).

In elastic scattering, there is no change in the frequency of the photon while in
inelastic scattering there is a shift in the photon frequency because of either
excitation or deactivation of molecular vibrations leading to loss or gain energy by
photons. There exist three types of phenomena as summarized in Figure 2.12 by
which interaction between light and molecules can occur (Joshi et al. 2008; Das &
Agrawal 2011). The Raman spectra can be affected by high signal-to-noise ratio,

instrument stability and sufficient resolution (Das & Agrawal 2011).
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Figure 2.12: Mechanism of Raman scattering (Das & Agrawal 2011).

Both the Infrared and Raman spectroscopy provides information regarding the
vibrations of molecules. The difference is in the origin of this techniques. IR
involves absorption of electromagnetic radiation in the IR region while Raman is
the scattering of electromagnetic radiation usually in the visible region (Warner &
Butler 2003). Raman scattering is achieved by irradiating a sample with a light
source at one specific wavelength. The monochromatic light source is usually in
the form of a laser wavelength which cannot be absorbed by the matter. Light from
the illuminated spot is collected with a lens and sent through a monochromator.
Wavelengths close to the laser line, due to elastic Rayleigh scattering, are filtered
out while the rest of the collected light is directed to a detector (Ferraro et al. 2003;
Qadri 2014).

2.6.5 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy is often used for the detection and fingerprinting of covalent
bonds which are useful characterisation technique and paramount in the analysis
of impurities and contaminants on the surface of semiconductor photocatalysts.

Photocatalysts are mainly crystalline with simple molecular structures, thus posing
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few IR-active bond yet organic contaminants or impurities are intrinsically more
molecularly complex, resulting in ease of detection in IR spectroscopy (Martin
2015). Molecules are IR active when they possess change associated with the

dipole moment (Haug et al. 2012).

FTIR is a more counter-intuitive technique, with a much faster sampling time and
higher signal to noise ratio. During FTIR analysis, the polychromatic light source is
illuminated on the source and the beam first passes through a Michelson
interferometer, which is a beam splitting device resulting in a deliberate path
length shift subsequently illuminating the detector after having hit the sample with
a mixed interference beam of all wavelengths. Beam retardation is caused by a
moving mirror within the interferometer, which has real units of length. Therefore,
the detector produces an interferogram; a fixed set of retardation values and a
corresponding set of intensities. The position and intensity of the absorption bands
of a sample are exceptionally specific for a substance and can be used as a highly

characteristic “fingerprint” for identification (Martin 2015; Haug et al. 2012).

2.6.6 Thermo-gravimetric analysis

Thermo Gravimetric Analysis is an essential technique in observing characteristic
changes that a compound undergoes under varying temperature. It is of great
importance when investigating phase changes and condensation reactions of
polymers (Martin 2015).

Thermogravimetric Analysis (TGA) is a technique in which the mass of a
substance is monitored as a function of temperature or time as the sample
specimen is subjected to a controlled temperature program in a controlled
atmosphere (Perkin Elmer 2010). TGA is used to monitor the mass of a solid or
liquid with temperature, and with a high precision, measure mass difference due to
evaporation or sublimation. This can then be plotted on a simple x-y curve; mass
loss (as a percentage) versus temperature or time (Martin 2015).

According to Perkin ElImer (2010), a TGA constitutes of a sample pan supported in
a precision balance residing in a furnace which is heated and cooled during the

experiment. The mass of the sample is monitored during the experiment while a

45



Chapter 2: Literature Review

sample purge gas controls the sample environment. This gas may be inert or a
reactive gas that flows over the sample and exits through an exhaust. The mass
loss could due to either degradation and/or decomposition, vaporization of bulk
liquids or liquids adsorbed by solids, sublimation, reduction of metal oxides to
metals, desorption of gases while mass gain can be due to adsorption of gases as
well as in reactions of solids with reactive gases such as oxygen, chlorine, and

carbon monoxide (Vyazovkin 2016).

2.6.7 Diffuse reflectance spectroscopy in the UV-Vis-NIR region (DRS)

Optical spectroscopic investigation measurements of powders and solids are
achieved by collecting the light reflected using DRS (Beale et al. n.d.). The light
irradiated can be in the ultraviolet (UV), visible (Vis) and near infrared (NIR) region
of the electromagnetic spectrum. During the irradiation process, electrons are
transferred from low-energy to high energy atomic orbital or molecular orbital
(Weckhuysen 2004). These transitions include transition metal ions d-d transition
and ligand-to-metal or metal-to-ligand charge transfer transition and inorganic and
organic molecules (mainly n-m* and 1r-1* transition). The DRS technique is based
on the reflection of light by a powder sample which has an individual particle size
in the range of 0.2-3 pm (Weckhuysen 2004). the ratio of the scattered light from
the ideal non-absorbing reference sample is measured as a function of the
wavelength A. Scattered light from the sample is collected in an integrated sphere
and detected. Diffuse reflection is best described by the radiation transfer

equation 2.16

% = ﬁ (2.16)
Where (1) is the incident light intensity at a given wavelength, (d1/dS) the change of
the intensity with the path length (dS), (p) density of the medium, (k) an attenuation
coefficient corresponding with the total radiation loss due to absorption and
scattering and (j) the scattering coefficient (Weckhuysen & Schoonheydt 1999).
The reference material used during DRS studies can either MgO and BaSOs since

they do not absorb radiation (Zanjanchi et al. 2006).
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2.6.8 Dynamic light scattering analysis (DLS)

Particle size distribution and zeta potential measurements are of great importance
in the study of colloidal chemistry. The determination of the size of the particle is
mostly achieved by the use of the dynamic light scattering (DLS) principle (De
Kanter et al. 2016). In this concept, the particles under study are kept in a
suspension solution where they are in constant Brownian motion. Brownian motion
is the random thermal diffusive motion of microscopic particles suspended in a
liquid or gas (University of Florida, 2012). This motion is due to collisions with the
surrounding liquid particles. Since particles are in a diffusive motion, smaller
particles will move faster than larger particles. A monochromatic laser beam is
then used to obtain the diffusion information of particles. The beam scattered by
the particles will either undergo constructive or destructive interference relative to
the particle position to each other (De Kanter et al. 2016). The decay of the
autocorrelation of the measured intensity is correlated to the translational diffusion
coefficient. The Stoke-Einstein equation is then used to calculate the
hydrodynamic radius as shown in equation 2.17 (Clark et al. 1970; Kumari &
Pathak 2014).

J K

BT

D, =
" 6mnD (2.17)

Where, Dh is the hydrodynamic diameter, D is the translational diffusion
coefficient, Ks is the Boltzmann’s constant, T is the temperature and n the dynamic
viscosity. The hydrodynamic radius depends on the initial size of the particle, its
surface properties, electrolyte and the ionic strength of the solution (Clark et al.
1970).

2.6.9 Electrophoretic light scattering (ELS)

The zeta potential value obtained gives information relative to the stability of the

colloids and the degree of repulsion that exists between adjacent particles of the
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same charge (De Kanter et al. 2016). Zeta potential is a potential at a notional
boundary surrounding the electrical double layer within which the liquid moves
together with particles (Luxbacher 2014). At the electrical double layer surrounding
the particle, there are electrokinetic properties that are determined by an electrical
charge distribution. When immersed in an electrolyte such as water, an ionic
particle becomes surrounded by counter ions, with a charge opposite to that at the
surface (Martin 2015).

A Colloid particle with a zeta potential of 0 mV (Isoelectric Point, IEP) will undergo
rapid aggregation due to a decreased in electrostatic repulsion which and Van der
Waals forces facilitate agglomeration while those with ~40 mV will exhibit good
stability, and =60 mV exhibits excellent stability. Therefore, the increase in
electrostatic repulsion constraints agglomeration and settling, a suspension of
particles showing a high absolute value of zeta potential is more stable in
comparison to suspensions exhibiting lower zeta potential absolute values
(Hanaor et al. 2012; Martin 2015).

The zeta potential is determined by the measurement of an electrokinetic effect,
observed when a solid and a liquid phase moves relatively to each other
achieved using micro-electrophoresis in conjunction with electrophoretic light
scattering. The particle-electrolyte colloid is placed in a specialised cuvette-type
cell, an oscillating electric field is then applied, which causes the particles to
move with a velocity proportional to their zeta potential. In order to measure this
velocity, a laser beam is passed through the cell, and the Doppler shift
frequency observed is proportional to the dispersed particle’s mobility (Martin
2015). Once the electrophoretic mobility is determined by electrophoretic light
scattering. The obtained EPMs can then be converted to zeta potential using
Smoluchowski equation (2.18) (Lin et al. 2009; X. Zhu et al. 2014).

&

H=—

n

Where p is the electrophoretic mobility, ¢ is the dielectric constant of the solution,

(2.18)

n, {is the viscosity and the zeta potential respectively.
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2.6.10 Surface area, pore size and pore volume determination

Gas adsorption measurements are widely used for determining the surface area,
pore size and pore volume distribution in a solid material. This could be achieved
by using the Brauner-Emmett-Teller (BET) theory regarded as the standard
method for surface area measurements (Sing 2004; Sing 2001). The BET theory
describes the physisorption of the gas molecules on a solid surface which results
from the weak van der Waals forces. This theory was adapted from the Langmuir
theory which describes the monolayer adsorption of a gas on a solid by simply
extending the concept to allow multilayer adsorption calculated using equation
2.19 (Martin 2015).

S (2.19)
V,.C

1 _(c-D) [ P j

v,[(P"+P)-1] Ve P’
where va = volume of gas adsorbed at standard temperature and pressure (STP),
p and p® = the partial vapour pressure and saturation pressure of the physisorbed
gas (often Nz), c = BET constant and vm = adsorbed gas quantity per volume to

produce a monolayer.
The BET constant (c) is described by equation 2.19.1;

(E,-E,)
c=e RT (2.19.1)

where E; = first layer's heat of adsorption and E_. = corresponding heat of

adsorption for n layers > 1.

The BET specific surface area (Sget) is then given by equation (2.20);

v, N,s
... _a[ ! j (2.20)

where a = mass of the powdered adsorbent, Na = Avogadro’s number, S =

adsorption cross section of the powder and V = molar volume gas (Martin 2015).
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2.6.11 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Trace elements in both biological and environmental samples are determined by
using ICP-OES is a technique used widely for the determination of trace elements
in both biological and environmental samples due to its unique advantages; multi-
elemental capability, wide linear dynamic range, high sensitivity and high sample-
through put.(Wu et al. 2014; Yilmaz et al. 2014) The technique is founded upon
the spontaneous emission of photons from atoms and ions that have been excited
in a radio frequency discharge. Liquid and gas samples may be injected directly
into the instrument, while solid samples require extraction or acid digestion so that
the analytes will be present in a solution. The sample solution is converted to an
aerosol and directed into the central channel of the plasma (Xiandeng & Jones
2000).

At its core the inductively coupled plasma (ICP) sustains a temperature of
approximately 10,000K, thus evaporating the aerosol as soon as possible. Analyte
elements are liberated as free atoms in the gaseous state. Furthermore, collisional
excitation within the plasma imparts additional energy to the atoms, promoting
them to excited states. When enough energy is available, the atoms are converted
to ions and promote the ions to excited states. Both the atomic and ionic excited
state species may then relax to the ground state via the emission of a photon.
These photons have characteristic energies that are determined by the quantized
energy level structure of the atoms or ions. Thus, the wavelength of the photons
can be used to identify the elements from which they originated. The total number
of photons is directly proportional to the concentration of the originating element in
the sample (Xiandeng & Jones 2000).
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CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 Materials and reagents

Tungstic acid (99%, Sigma-Aldrich Co.), hydrochloric acid (32%, Sigma-Aldrich
Co.), anhydrous sodium hydroxide pellets (=298%, Associated Chemical
Enterprise), humic acid (Sigma-Aldrich Co.), absolute ethanol (99.5%, Associated
Chemical Enterprise), magnesium chloride, sodium chloride, calcium chloride
(MERCK), meat extract (Sigma-Aldrich Co), magnesium sulphate heptahydrate
(99.0%, Merck), urea crystals (99.0%, Merck), di-potassium hydrogen phosphate
trinydrate (99.0%, Merck) and peptone from meat enzymatic digest (Sigma-Aldrich

Co) were used as received.

3.2 Methodology

3.2.1 Synthesis of WO3s nanoparticles

Synthesis of WO3 nanoparticles was achieved by following the standard method
reported by Simelane at al.,2017. Tungstic acid (4.0 g) was dried in the oven for
two hours at 80°C to remove any moisture present and crushed before annealing

at 600°C for 5 hours in air to obtain m-WO3 nanopatrticles.

3.2.2 WOs nanoparticles characterization

The polymorph of WOs3 synthesized was elucidated by using a Philips X'Pert
instrument at 40 mA, 40 kV with CuKa radiation at 0.1541 nm wavelength. A
monochromatic beam in 26 was used within the scan range of 10-80° and a step
size and time of 0.0170 and 175.26s were used respectively. A divergence slit
size of 0.2500° was used and specimen length was 10.00 mm. The average
crystallite size (L) of the nanoparticles was computed using equation (2.15):
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Transmission Electron Microscopy (TEM): The morphology was investigated using
transmission electron microscopy (JOEL-TEM 2010) at an acceleration voltage of

200 kV. The nanoparticles were analyzed on a carbon-coated copper grid.

The Brunauer-Emmett-Teller (BET): The surface area of the nanoparticles was
determined by nitrogen adsorption in a Micrometric ASAP 2020 surface area and
pore analyzer. The samples were degassed at 150°C for 5 hours prior to analysis.
Isotherm evaluation was performed at ~77K and pore volume analysis was
determined at (P/Po) of ~0.98. UV-Vis spectrometer (Shimadzu UV-2450)
operated in diffuse reflectance mode (DRS) was used to measure the absorbance
spectra after which Kubelka-Munk transformation was applied. Barium Sulphate
(BaSOa4) was used as a reference. The band gap of the nanomaterial was

extrapolated from (ahv)? against hv as represented in equation (3.1):

ohv = A(hV—Eg)n/2 (3.1)

where a, hv, A, and Eg are the absorption coefficient, the energy of the incident
photon, a constant, and energy bandgap, respectively (Pang et al. 2012). The term
n is dependent on the on the transition type of the semiconductor when the
transition is direct n equals to 1, while an indirect transition n equals 4 (Zhang et al.
2014).

Raman measurements were performed with a Raman spectrophotometer (Raman
Micro 200, Perkin Elmer) using the 514.5 nm wavelength of an Ar* laser. Spectra
was collected by employing 1800 lines/mm with a holographic notch filter and
cooled TCD. Allowed spectral resolution of 3 cm™ was used. Power on the
samples was below 0.5 mW to minimize local heating. The Fourier transformed
Infrared (FTIR) spectra of H2WO4 and WO3s was captured using the Perkin Elmer
processing precisely spectrum 100 FTIR spectrophotometer with a spectral
resolution of 4 cm™. The analysis was conducted at room temperature against an
air background. The samples were pressed into a KBr pellet and scanned between

4000-400 wavenumbers (cm) to obtain the spectra.
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Thermal analysis was also conducted for the stability and thermal properties of
both the precursor and the product. This was achieved by employing the Perkin
Elmer TGA-4000 with the heating rate set at 10 "C/min starting from 30-800 °C
under nitrogen gas. A sample of 10.0 mg in weight was used. The thermograph
derivatives were obtained using OriginPro 8 software. Hydrodynamic diameter
(size) measurements were achieved by dynamic light scattering (DLS) and zeta
potential by electrophoretic light scattering (ELS) by means of a Zetasizer Nano
ZS (Malvern).

3.2.3 Stability studies in environmentally relevant conditions

3.2.3.1 Zeta potential and hydrodynamic diameter measurements

The hydrodynamic diameter and zeta potential of WOs was determined by
suspending nanoparticle into 30 mg/L in deionized (DI) water. The pH of the
suspensions was then adjusted to the appropriate values in the range of 2-10
using 6 M NaOH and 6M HCI.

3.2.3.2 Effects of ionic strength and cations

The effect of ionic strength was conducted at pH 5 at room temperature. At pH
5, the nanoparticles were efficient enough to demonstrate substantial
agglomeration without compelling the compression of the electric double layer in
the DI suspension which is also in the range of surface water pH. A range of
0.2-10 mM ionic strength of monovalent cation (NaCl), and divalent cations
(MgCl2 and CacClz) were prepared. Aliquots of 100 mL from each solution were

taken and adjusted to the appropriate pH using HCI.
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3.3 Study of humic acid effect on nanoparticles

3.3.1 Humic acid preparation

A 50 mg/L stock solution of HA was prepared by dissolving 50 mg in 1 L deionized
water and further adjusting the pH to 5. The prepared solution was covered with
aluminum foil to avoid exposure to light. The solution was then stirred for 24 hours
to ensure homogeneity and stability. The solution was filtered with 0.22 pum filter
membrane to remove undissolved matter. A series of working solutions ranging

from 1 to 10 mg/L were prepared by diluting the stock solution.

3.3.2 Influence of humic acid on nanoparticles stability

The effect of humic acid was studied by comparing the effect of monovalent to
divalent cations. Different suspensions containing 1 to 10 ppm humic acid were
prepared and their pH adjusted to pH 5. The suspensions were then vortexed for
15 minutes for dispersion of the nanopatrticle. A disposable polystyrene cuvette
was used as a sample holder during analysis. Zeta potentials and
electrophoretic mobility (EPM) measurements were taken immediately with the

size measurements performed after an hour with all readings taken in triplicates.

3.4 Fate and behaviour WOs nanoparticles

3.4.1 Influent and activated sludge

The raw wastewater was sampled from Daspoort wastewater treatment works in
Pretoria (Gauteng, South Africa), which is mainly a domestic sewage treatment
plant. Sampling point was just after the primary treatment and it was performed
every seven days with the secondary influent refrigerated at 4°C.

A synthetic domestic wastewater was used as influent prepared with peptone
(160 mg), meat extract (110 mg), urea (30 mg), anhydrous dipotassium hydrogen
phosphate (28 mg), sodium chloride (7 mg), calcium chloride dehydrates (4 mg),
magnesium sulphate heptahydrate (2 mg) and 5 mg of humic acid per litre of water
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(OECD guidelines, 2001). However, it was first mixed with the raw wastewater to
ensure that the activated sludge is acclimatised to the synthetic influent. The raw
wastewater was reduced gradually such that on sludge retention time (SRT) 4, the
treatment plant operated on 100% synthetic influent.

Return activated sludge with a sludge retention time of 6-10 days was also
withdrawn from the above-mentioned treatment works and kept similarly to the
influent. It was used as an inoculum for the lab scale simulated wastewater
treatment plant (SWPT) as per the OECD 303A guidelines. For the inoculation of
the SWTP, 10 L of the activated sludge was aerated using compressed air for a
duration of 48 hours. In the first 24 h the supernatant was decanted and influent
(raw wastewater) was added. At the end of the aeration process, the supernatant
was decanted, stored and mix with fresh influent for the first two (2) days of SRT 1.

The aerated sludge was partitioned and added into the two bioreactors.

3.4.2 Lab scale activated sludge SWTP (OECD 303A)

The OECD guidelines 303A were used to assemble a treatment system used to
study the fate and behaviour of WO3 nanoparticles which resembled a simulated
wastewater treatment plant (SWTP) with synthetic domestic effluent. The SWTP
comprised of a test and control units as demonstrated in figure 3.1. The aerobic
units consisted of an aeration chamber (3 L) and a settler (1.5 L) which were run
uninterruptedly in parallel under similar conditions with a mean hydraulic retention
time (HRT) of 6 h with a flow rate of 0.5 L/h and mean SRT of 7 days until a steady

state was reached.
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Figure 3.1: A schematic representation of the SWTP.

The influent held in 20 L holding tank was continuously pumped into the aeration
chambers using 120S/DV Watson-Marlow peristaltic pumps which were under
constant staring (RW 20 digital stirrers, IKA) to enhance homogeneity of the
suspension and mixing of the floc with the influent. Influent in the holding tanks
was continuously stirred to keep its contents in suspension and it was changed
every 24 h. Aeration of both units was achieved using a perforated tube and
compressed air to maintain dissolved oxygen above 2 mgL! delivered at a flow
rate of 250 mL/min. Return activated sludge was achieved by using the 323S
peristaltic pumps (Watson-Marlow) which recycled sludge from the clarifiers to the

aeration vessels continuously.

3.4.3 Preparation of m-WOs NPs suspensions

The different concentrations of WO3s suspensions (5, 10, 15 and 20 mg/L) were
prepared by dispersing 0.1000, 0.2000, 0.3000 and 0.4000 g of dry m-WOs
nanoparticles into a 20 L of synthetic domestic influent. The weighed nanoparticles
were first dispersed in 1L influent and sonicated at 20 KHz for 30 minutes (model
2000U, Ultrasonic Power Corp.). this was done to break aggregates before
introducing the set concentrations to the holding tanks. The use of suspensions

enabled a homogeneous application of the nanomaterials to the test units. Once
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the suspensions were successfully prepared, the hydrodynamic sizes and the zeta
potential of the agglomerates were measured using the Malvern zetasizer
NanoZS.

3.4.4 Acclimatization of the activated sludge

In ensuring that the microorganisms in the sludge are fully acclimatized to the
SWTP, raw wastewater was used to run the plant while increasing the synthetic
influent. In SRT 1, 100% influent was mixed with the kept supernatant in the first
2 days and the raw wastewater was used in the reminder of the days. However,
the aim was to run the treatment plant with 100% synthetic influent thus the ratio of
the raw wastewater was gradually reduced in the next SRT’s as shown in Table
3.1

Table 3.1 Influent composition for acclimatization of microorganisms

SRT Days Influent composition
1 0-7 100% secondary influent
2 8-14 50% 2’ influent + 50% synthetic domestic
effluent
3 15-21 30% 2° influent + 70% synthetic domestic
effluent
4 22-49 100% synthetic domestic effluent

3.4.5 Monitoring of the simulated treatment plant

The treatment system efficiency was monitored through several chemical and
physical tests which were conducted in both the aeration chambers and effluent.
The tests conducted in the aeration chambers included MLVSS, MLSS and the
monitoring of abiotic factors; temperature and dissolved oxygen (DO) using Starter
DO 300D. The monitored abiotic factors are responsible for the well-being of the
microorganisms in the activated sludge. The total plate count (TPC) method was

used to determine the survival of the microorganisms in aeration chambers upon
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introduction of the m-WO3s NPs. The agar for the TPC test was prepared following
the manufacturer's instructions.

In both influent and effluent, the tests performed included chemical oxygen
demand (COD), five-day biological oxygen demand (BODs), total dissolved solids
(TDS), conductivity and pH. The TDS, conductivity, and pH were measured using
Starter conductivity 300°C and Starter pH 300, OHAUS. The total suspended
solids (TSS) were also part of the analysis conducted on the effluents. A COD kit
(1.14541.0001, Merck) equivalent to a German standard DIN EN ISO 7393 and a
BOD kit (1.00687.0001, Merck) conforming to the European standard EN 1899
210 mgL! were used for the analysis of COD and BODs respectively, using a
Spectroquant Pharo 300 and samples were filtered prior to preparation using a
0.45 um filter.

For analysis of the suspended solids, a glass microfibre filter with 0.6 pm pore size
was used to filter 250 mL sample. They were then dried in the oven for 5 hours at
103-105°C. However, for the MLVSS analysis, the already dried samples were
then burnt at 550°C for 15 to 20 minutes.(Greenberg et al. 1992)

3.4.6 Analysis of Activated sludge for WOz and W

The waste sludge was dried in the oven at 50 °C for 24 hours and pulverized prior
to qualitative analyses. The polymorph of the m-WO3 nanoparticles in the sludge
was characterized using powdered X-ray diffraction as outlined in section 3.2.2.
Elemental analysis was conducted using energy dispersive X-ray spectroscopy
and SEM mapping (TESCAN Vega TC) using VEGA 3 TESCAN software under
nitrogen gas on the sludge to ascertain the distribution of the tungsten element.
Furthermore, inductively coupled plasma optical emission spectrometer (ICP-OES)
(iICAP 6500 Duo, Thermo Scientific) was used to quantify the amount of tungsten
in both the sludge and the effluent by analyzing the already digested samples
(0.25¢ sludge and 5 mL effluent) with aqua regia (3 mL HCIl and 2 mL HNOs).
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CHAPTER 4
THE EFFECT OF HUMIC ACID ON THE STABILITY AND
AGGREGATION KINETICS OF WO3s NANOPARTICLES *

* Part of the work presented in this chapter has been reported and published in

Particulate Science and Technology (2017)

4.1 Introduction

Stability and dissolution of NPs in natural waters are influenced by dissolved
natural organic matter (NOM), ionic strength, type of electrolyte, aggregation state,
and pH (Bian et al. 2011). Much work has been focused on Fe203, ZnO, Al2O3 and
TiOz2 in understanding their behaviour in surface water, due to their extensive use
(Baalousha 2009; Brunetti et al. 2015; Pakrashi et al. 2012; Chekli et al. 2014).
However, interest in WO3s has gained momentum because of its small band gap,
allowing its applications in the visible spectrum. Thus, this dissertation seeks to
report the effects of NOM, ionic strength, and valence of ions on the stability

aggregation kinetics of WOs in water.

Divalent cations may cause aggregation at a wider range of pH compared to
monovalent cations. This is due to the specific adsorption effect that prevents the
surface charge acquiring a negative charge large enough to create a potential
barrier large enough to minimize aggregation. The stabilization effect of natural
organic matter (NOM) overrides the divalent ions influence towards aggregation at
low cation concentrations. At high concentrations, cations such as Ca?* neutralizes
the electrostatic stabilization thus inducing aggregation. This is not observed with
Mg?* though, suggesting the existence of Ca?*-NOM interactions such as calcium
bridges (Belen et al. 2013; Weinberg et al. 2011).

NOM is mostly found in natural waters with its concentration ranging from a few
mg/L to hundreds of mg/L (Wall & Choppin 2003). Humic acid (HA) is one example
of NOM which constitutes heterogeneous chemicals and functional groups due to
the various sources from where they are obtained which are mostly phenols and

carboxylic functional groups which enable the protonation of OH/OOH (Li et al.
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2015; de Melo et al. 2015). Therefore, NOM has been found to increase the
negativity of NPs zeta potential thus reducing the aggregation of the NPs (Bian et
al. 2011; Zhang et al. 2009).

4.2 Characterization of WO3 nanoparticles
4.2.1 Powder x-ray diffraction spectroscopy

The PXRD patterns of the precursor tungstic acid (H2WOa) (a) and those of m-
WO3 nanoparticles (b) is as shown in Figure 4.1. The nanoparticles were
crystalline with indices corresponding to (002), (020), (200), (120), (112), (022),
(202), (122), (222), (004), (040), (140), (024), (204), (240), and (420) respectively
(Vamvasakis et al. 2015). These were confirmed by ICDD:04-007-1277, space
group P21/n with lattice constants a=7.291 A, b=7.539 A, ¢=7.688 A and B=90.91.
The precursor, tungstic acid PXRD patterns were also obtained to ascertain the
resultant polymorph of WOg3 after calcination. The tungstic acid hydrate indexed to
space group Pmnb according to ICDD: 00-018-1418 had a peak appearing around
16" amongst others which appears in H2WO4 patterns yet absent in WO3 pattern.
The observed m-WOs peaks were sharp and intense thus indicating the

crystallinity of the nanopatrticles. The calculated crystallite size was 15+0.5 nm.
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Figure 4.1 PXRD patterns of (a) H2WOsand (b) WOs

4.2.2 Raman spectroscopy

The Raman bands of the precursor and the obtained product as depicted in
Figure 4.2 (a, b) distinctly confirm the transformation of tungstic acid to m-WOs3
The observed bands of m-WOs were sharp and well defined positioned at 806,
717, 326, 269 and 135 cm™* which are assigned to m-phase of WOs (Daniel et al.
1987; Fenglin Liu, Xianjie Chen, Qinghua Xia, Lihong Tian 2015). This result
supports the XRD determination of the polymorph of the synthesised materials.
The band at 135 cm™ corresponded to lattice vibrational modes of W-W while
the peaks at 717 and 806 cm™ were ascribed to the stretching modes of the
W-O-W. The strong peak and weak band observed at 269 and 326 cm™
respectively were attributed to the bending modes of O-W-O. The peak position
in at 945 cm in the precursor could be ascribed to W=0 which completely

disappears after calcination at 600 ‘C (Daniel et al. 1987).
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Figure 4.2: Raman bands of (a) H2WOa4 and (b) m-WOs

4.2.3 Fourier transformed infrared spectroscopy

Figure 4.3, shows the FTIR spectra of H2WO4 and m-WOs which reveals the
transformation of the precursor to the product. The spectrum of H:WO4 shows five
IR bands at 3409, 1637, 1386, 944 and 711 cm™. A broadband and a sharp
intense peak at 3409 and 1637 cm! respectively are associated with the u(O-H)
stretching modes which are due to adsorption of water molecules and &(H-O-H)
bending vibration modes in H2WOas. The intensity of this OH bands is greatly
reduced in the WOs spectra and they are shifted to 3424 and 1637 cm™. These
two bands are greatly reduced in the WOs3 spectra. The disappearance of the
944 cm shoulder peak is attributed to the absence of the W=0 in the m-WO3
octahedral structure. (Goti¢ et al. 2000; Daniel et al. 1987; Pang et al. 2012) The
peak observed in m-WO3 and H2WO4 at 1384 and 1386 is ascribed to v(O-H) in
the W-OH.(Ghosh et al. 2015)

79



Chapter 4: The effect of humic acid on the stability and aggregation kinetics of WOz nanopatrticles

— HWO, ——WO,
__\/- 1637 1384
;; 3424 —
3
3! 1386
T
I=
% 1624
|_
3409 944
1 | ! | U | ! [} ! I ! | ! I

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'ﬂ)

Figure 4.3: FTIR spectra of H2WO4 and m-WOs3

4.2.4 Thermo-gravimetric analysis

The significant change in the structural and physical difference of H2WO4 and
m-WO3 was determined using thermal analysis. Figure 4.4 depicts the TGA
curves and its derivatives for H2WO4 and WOs. The percentage weight loss in
tungstic acid was 5.66% which is equivalent to 3.14 mmol of water at a
temperature ranging from 80°C to 280°C with the maximum at 225°C as
illustrated by the derivative of the weight percentage graph. This weight loss is
due to chemically bonded water.(Huang et al. 2011) The recorded weight loss is
different from the expected theoretical value of 7.20% which is based on water
lose.(Goti¢ et al. 2000) This observation is aligned with the FTIR spectra of
m-WO3 which shows the presence of OH bands. WOs3 had a weight loss of 0.4%
corresponding to 0.19 mmol water which occurred from 150°C while the weight

derivative did not have a minimum due to the continuous weight loss as the
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temperature increases. When comparing the amount of water lost in millimoles,

it is evident that H2WO4 was successfully transformed to m-WOs.
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Figure 4.4: TGA curve and derivatives of (a) H2WO4 and (b) m-WOs3

4.2.5 Surface area, pore size, and pore volume

Surface area and pore volume measurements were determined to be 3.544 m2g!
and 0.008507 cm?/g respectively with the pore size ranging between 3-13 nm with
the average being 9.60 nm as demonstrated in Figure 4.5(a). The observed
surface area is comparable to the 3.32 m?g?! reported for commercial m-WO3
attributed to agglomeration of nanoparticles which was confirmed by the hysteresis
loop (Martinez et al. 2011; Gomez et al. 2013). The N2 adsorption-desorption

isotherms depicted in Figure 4.5(b) revealed that the nanoparticles were
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mesoporous with type IV isotherm characteristics. The observed hysteresis loops

were of H1 type suggesting that samples were constituted of agglomerates porous

(Sing 1982).
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Figure 4.5: (a) Pore size distribution curves and (b) Nitrogen adsorption isotherms
measured at ~77K for m-WO3

Determination of the particle size (assuming spherical particles) was carried out

using the measured BET surface area following equation (4.1):

4 _ 6000

v (4.1)

where d is the particle size in nm, SA is the experimentally measured specific
surface area (m? g?'), and p is the m-WOs density (Marei et al. 2016). The

calculated particle size was 236.5 nm, which was in agreement with the TEM data
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as the minimum measure particle was 36.47 nm with the maximum size

(agglomerates) being 255.0 nm.

4.2.6 Morphological and elemental studies

The optical properties of the synthesized nanoparticles were determined at
ambient temperature to obtain the spectrum portrayed in Figure 4.6. The
bandgap was then determined by an extrapolation of the linear region to the

point where E, =hvas illustrated in the insert. The bandgap of m-WOs was

found to be 2.71 eV which agrees with literature. This infers that the synthesized
WOs is capable of absorbing radiation in the visible region of
472 nm which corresponds to the absorption edge of the material. This
observation is due to an electronic transition from O? to W®* by charge transfer
process from the valence band (mainly 2p orbitals of the oxygen anions) to the
conduction band (mainly 5d orbitals of the tungsten cations) in WO3s (Matrtin, C.
et al. 1997; Luévano-hipdlito et al. 2014).
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Figure 4.6: UV-Vis absorption spectra of m-WQOs. The insert is a plot of (ahv)?

versus photon energy

TEM images revealed that the nanoparticles were agglomerated, which was
confirmed using SEM. It further, showed that the synthesised material constituted
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of various shapes such as platelets, ovoid, hexagonal and cubic as depicted in

appendix 1 with a mean size distribution diameter of 156.07 nm as illustrated in

Figure 4.7(a). This observation agrees with the particle size obtained using the

BET results as illustrated in the histogram in Figure 4.7(c). The size distribution

ranged from 36 nm to 255 nm. SEM further showed the presence of fluffy

materials as demonstrated in Figure 4.7(b).

Figure 4.8 is an EDX spectrum of the prepared nanoparticles showing the

detected elements being W and O. the average percentages were 54.1, 24 and

22 respectively. The observed C peak is due to the coating used during sample

preparation.
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Figure 4.7: (a) Image of m-WOs from TEM (b) SEM image of the particles and

(c) histograms depicting the size on nanoparticles
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Figure 4.8: EDX spectrum of m-WQO3 nanocomposites

4.2.7 Zeta potential measurements

Zeta potential is one of the parameters that is used to indicate the stability of
nanoparticles in suspensions. Application of the Smoluchowski equation on the
EPM gave zeta potential as depicted Figure 4.9.

As the pH increased from pH 2 to pH 10, a steady but gradual change of the
zeta potential from positive to negative in the DI water suspensions was
observed. The pzc for the nanoparticles was determined as shown in Figure
9(a). The pzc was found to be at pH 2.5 which agrees with what is reported in

the literature.
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Figure 4.9: Zeta potential in different solutions (a) function of pH, (b) in different

humic acid concentrations with 0.9 mM and (c) in different ionic strength.

The zeta potential was further measured in the various ionic strength of the
different electrolytes. This was done to ascertain the effect of increasing ionic
strength and to determine how different cations will influence the zeta potential
of the nanoparticles. In all the suspensions, the zeta potential was all negative
as demonstrated in Figure 4.9(b) in the presence of the different ionic strengths.
This was in line with the determination made in DI water suspension where a
zeta potential of -20.2 mV was measured at pH 5. CaClz showed to greatly
reduce the negative potential compared to NaCl and MgCl2 as a zeta potential of
-3.5 mV was measured at the highest ionic strength of 10.0 mM. In all the
different electrolytes, an increase in ionic strength decreased the negativity of
the zeta potential. This shows that Mg?* and Ca?* were able to suppress the
electric double layer of the nanoparticle. Increasing the ionic strength of divalent
ions enhance the dominance of attractive to forces aggregation of the

nanoparticle.
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The pzc in the presence of 0.9 mM CaClz was found to be at pH 2.3 which shows
a shift to a lower pH value when compared to that in DI Suspension. The pzc could
not be determined in the NaCl and MgClz solutions, as the nanoparticles were
positively charged in DI water suspensions at pH range below 2.5. The chloride
ions which are negatively charged were attracted to the positively charged
nanoparticles thus creating a weakly negatively charged surface (pre-pzc).

NOM is abundantly found in subsurface and groundwater where they can adsorb
to the surface of nanoparticles. The zeta potential of m-WO3s became more
negative as the concentration of humic acid was increased in DI water suspension
at pH 5 as shown in Figure 4.9(c). The negative charge of nanoparticles can be
attributed to the ionization of the carboxylic acids groups present in humic acid
(Goti¢, M. et al., 2000).

4.2.8 Mean diameter and agglomeration rates

For determination of the agglomeration rates, the samples were allowed to
equilibrate for 120 seconds after the measurement has been started. Seven
measurements were taken each set with 3 runs set so be done over 30 seconds
each. The rate of agglomeration was determined as the slope of the of the mean
diameter against time plot as demonstrated in Figure 4.10.
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Figure 4.10: Mean diameter against time plot
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The rate of agglomeration followed a similar pattern as it was below 0.5 nm/s in pH
greater than 7. As the ionic strength increased with the different electrolytes, the
rate of agglomeration increased. The increase in the agglomeration rate resulted
in bigger hydrodynamic diameters being observed. This was due to the dominance
of the attraction forces over the electrostatic repulsion forces. At pH 5, the
hydrodynamic diameter in DI suspension was
1800 nm with the rate of agglomeration being 1.2 nm/s as demonstrated in
Figure 4.11(a).

The hydrodynamic size of the nanoparticles was determined in DI water
suspension at different pH range for different electrolytes suspension. The
nanoparticles had the highest hydrodynamic size around the pzc. The size
decreased towards less acidic conditions. The data is in accordance with the
zeta potential measurements which shows an increase in negative charge,

inferring to the stability and hence dispersion of the nanoparticles.
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Figure 4.11: Mean hydrodynamic diameter and agglomeration rate (a) function of

pH in DI water suspension (b) Humic acid concentration at pH 5
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In the presence of humic acid, the hydrodynamic diameter was around 2000 nm
with the agglomeration rate at 1.0 nm/s as in Figure 4.11(b) in DI suspension. A
0.2 nm/s decrease in the rate of agglomeration suggesting an increased stability of
the nanoparticles compared to DI water suspension at pH 5. Since the
nanoparticles were negative, particle-particle repulsion forces were dominant thus

making the particles stable.

4.3 Effect of ionic strength on the kinetics m-WOs NPs

lonic strength is among the factors that govern agglomeration of nanopatrticles in
suspensions due to its influence on the magnitude of the electric double layer
(EDL). The thicker the EDL, the more dispersed the particles due to increased
particle—particle repulsions. Thus, increase in ionic strength suppresses the EDL
resulting in agglomeration of particles in solution. However, the charge of the
ions present was primarily responsible for the reduction of EDL (Ghosh S.S. et
al. 2015).

The interaction energy calculated following the DLVO theory (equation 2.3 - 2.5)
showed that’s the total energy is repulsive in the NaCl solution suspensions in
the whole range of the ionic strength. The calculation was done for three
concentration, low (0.2 mM), medium (1.0 mM) and high (10.0 mM) to
understand the behaviour of the interaction energy with an increase of ionic
strength. Figure 4.12 shows the hydrodynamic diameter, rates of agglomeration

and the interaction energy plots in various ionic strengths.

At low concentration of NaCl, the electrostatic repulsive forces were dominant
and van der Waals attractions were negligible (Figure 4.12), which lead to a
substantial energy barrier preventing the aggregation of nanoparticles. However,
the electrostatic energy barrier decreased as the electrolyte concentration
increased while the electrostatic repulsive force decreased, as a result, the
hydrodynamic size increases. This observation was comparable to the size

observed at pH 5 in DI suspension where a mean diameter of 1750 nm.
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MgCl2 and CaClz showed to significantly compress the double electric layer of

the surface of the nanoparticles.

The overall interaction energy in the two

suspensions showed to be attractive as shown in Figure 4.13 and 4.14.
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The dominance of attractive forces results in agglomerated nanoparticle hence
high hydrodynamic diameters are observed in the MgCl and CaCl:
suspensions. The observed agglomerate size was double that measured in
NaCl, in MgCl2 and almost triple in CaClz. The rate of agglomeration was also
high in both electrolytes suggesting neutralization of the EDL and further reveals
that's both Mg?* and Ca?* neutralizes the electric double layer more that the
monovalent cation Na*. The overall interaction energy was generally attractive in
both electrolytes. At high ionic strength, Ca?* showed that it compresses the
electric double layer to lower energies that the attraction forces which were
acting on the particles below 5 nm distance between patrticles.

The hydrodynamic diameter as a result of Mg?* and Ca?* was found to be
generally larger than the one observed at the same pH in DI suspension. Such
an increase in the hydrodynamic size can be attributed to the significant
compression of the EDL by the divalent ions, by effectively neutralizing the
negative surface charge. However, the Mg?* was less effective in neutralizing
the EDL as the observed agglomerates were lower compared to Ca?*. This
observation was due to the difference in ionic radius difference of the two
cations, as Mg?* is smaller than Ca?*. Therefore, as the size of the cations
increased their effect on the neutralization of the EDL increased suggesting that
both the charge of the cation and size were important in determining their effect
on nanoparticles. The observation made on the ionic strength in this study
concur with the conclusions made by Romanello, M. B., 2013 that the 0.9 mM
concentration of the different salts is high enough to allow agglomeration of
nanoparticles yet low enough not to compress the EDL. Thus, the ionic strength
(0.9 mM) was then used for the study the stability of m-WOs3 in humic acid.

4.4 Effects of valency

The hydrodynamic diameter was observable higher around the point of zero
charge. When the mean diameter of the nanoparticle dispersed in DI was
compared to that in NaCl, a decrease in size was observed. This shows a
relationship between the zeta potential of the material and the mean size. This

decrease in size is because of existence of an electrostatic interaction between
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the chloride ions and the m-WOs nanoparticles which encouraged the dispersion
of the nanoparticles thus smaller sizes observed. Beyond the PZC the
nanoparticles were the nanoparticles behave similarly in both DI and NacCl
suspension.

The interaction energies were calculated at the extreme pH ranges that are at pH
2 and 10. Figure 4.15 shows that repulsion forces (VRr) (electrostatic diffuse
double-layer repulsions) were dominant in NaCl suspension resulting in a
dispersion of nanoparticles hence reduced rates of agglomeration when compared

to the DI suspension.
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Figure 4.15: (a)Hydrodynamic diameter and rate of agglomeration and

(b) interaction energy plots at pH 2, and pH 10 for NaCl

In the divalent cations, both the rate of agglomeration and the mean diameter
increased. The highest hydrodynamic diameter continued to be observed around
the PZC. The compression of the EDL was clearly demonstrated in the CaCl:
suspension as the hydrodynamic diameter went as far as close to 5000 nm as
portrayed in Figure 4.17(a). Both Figure 4.16 and 4.17 demonstrates the
observed mean sizes in the different pH ranges as influenced by MgCl. and
CaClz respectively and the calculated interaction energies. The nanoparticles
formed smaller agglomerates at pH ranges past the PZC which were bigger

though than those in NaCl. This implies that the divalent cations were successful
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in the compressing the EDL by electrostatic interaction between the negatively
charged WOs nanoparticles and the cations.
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The DLVO theory calculations as illustrated in Figure 4.16(b) and 4.17(b) shows
that the overall interaction energy is attractive. This implies dominance of the van
der Waals Attraction (Va) forces hence supporting the observation of increased
rate of agglomeration and hydrodynamic sizes. This observation implies that in the
presence of divalent cation WO3 nanopatrticles will tend to form agglomerates. The
smaller hydrodynamic diameter observed in MgCl2 compared to those in CaClz is
mainly due to Mg?* being smaller than Ca?* hence having a reduced potential

towards fully compressing the EDL.

4.5 Agglomeration studies in the presence of humic acid

The presence of cation ions (Mg?* and Ca?*) decreased the negative charge of the
nanoparticle compared to that of the humic acid and water. The decrease in zeta
potential can be assigned to the formation of humic acid-divalent cation bridges as
divalent cations are more effective in forming pseudo-micelles. Such interactions
are achieved by the electrostatic interaction of the cation with the phenolic and
carboxylic groups (de Melo et al. 2015). The interaction results in the neutralization
of the humic acid charge. NaCl behaved more similarly to DI suspension,
demonstrating that monovalent ions are not efficient in neutralizing the EDL. This
data was supported by the observation made on the hydrodynamic diameter in the
presence of humic acid in different electrolytes. The effect on the hydrodynamic
diameter in the presence of humic acid with increasing cation charge and size is
depicted in Figure 4.18. The hydrodynamic diameter doubled from 1750 nm in
NaCl to 3500 nm in the presence of CaClz.
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interaction energy plots in different concentrations of humic acid with various

electrolytes

In the presence of divalent cations, the mean size decreased with an increase in

humic acid concentrations. It was revealed that higher concentrations of humic

acid enhanced dispersion and stability of the nanopatrticles. The formation of larger

agglomerate in the presence of divalent ions even at higher concentrations of

humic acid infers that the nanoparticles are mostly likely to be found in sediments
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rather than in surface water. Moreover, monovalent cations have no significance
in the destabilization of nanoparticles in the presence of humic acid suggesting
that nanoparticles could migrate for longer distances in surface waters. Increased
humic acid concentrations result in an increase in electrostatic diffuse double-layer

repulsions forces and hence Vr be repulsive.

Calculations of the interaction energies showed that the overall energy V1 was
dominated by, van der Waals Attraction (Va) forces in both MgCl2 and CacClz as
illustrated in Figure 4.18 (d) to (e). This shows that divalent cation assists WO3
nanoparticles to agglomerate even in the presence of humic substances. This was
in agreement with the observation made with an increased hydrodynamic

diameter.
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CHAPTER 5

THE FATE, BEHAVIOUR, AND EFFECT OF WO3 NANOPARTICLES ON THE
FUNCTIONALITY OF AN AEROBIC TREATMENT UNIT *

* Part of the work presented in this chapter has been submitted for publication in a

peer-reviewed journal.

51 Introduction

Natural organic matter (NOM) a constituent of wastewater and other biomass have
been reported to adsorb on the nanoparticles surfaces thus enhancing their
stability (Zhang et al. 2009). Humic acid, an example of NOM has been reported to
stabilize nanopatrticles even at every low concentration and it also plays a pivotal
role in the fate and transportation of pollutants (Zhu et al. 2014; Li et al. 2015).
Thus, understanding the impact of humic acid on the stability of m-WOs
nanoparticles in a WWTP is crucial. Increased attention have been given to
understanding the fate and behaviour of nanoparticles due to their potential

environmental application.

Monoclinic tungsten trioxide is a promising photocatalyst for the degradation of
organic pollutants especially dyes and it is the most stable phase of m-WOQOs3 at
room temperature (Zheng et al. 2011). Hence it is most likely to be applied in the
wastewater treatment processes. However, it is of vital importance that its fate and
behaviour be fully understood to avoid exposure to the environment. The
Organisation for Economic Co-operation and Development (OECD) 303A (2001)
guidelines has been formulated to provide the minimum test protocol for the
identification of hazard nanoparticles (Burkart et al. 2015). Thus, in this work, we
seek to understand how WO3s nanoparticles will affect the functionality of the
biological wastewater treatment plant assembled following the OECD guidelines
by monitoring COD, BODs, TDS, and conductivity while determining the fate and

behaviour of the nanoparticles.
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5.2 Stability of m-WOs NPs in synthetic domestic sewage

The prepared m-WO3s nanoparticle suspension was sampled and had their stability
tested. This was achieved using dynamic and electrophoretic light scattering. The
prepared suspension had an average zeta potential of
-11.7+0.3 mV with an average hydrodynamic diameter of 1.898+0.0686 pm at a
pH range between 7 to 8. The suspensions were also analysed for a period of
36 hours to a week to determine their stability against time. The results are
depicted in Figure 5.1 which shows that with time, the negativity of the zeta
potential increase thus resulting in decrease hydrodynamic size due to increased
repulsion forces between nanoparticles induced by the humic acid. Thus, the
humic acid present in the influent managed to keep the agglomeration of the

nanoparticles at a minimum as reported by Simelane et al., (2017).

-16 2500

-14 4

2000

-12 4
-10
1500 <
-8 ]
-6 1000
-4 4
500
2
0 T T 0

Zeta Potential (mV)
Hydrodynamic Size (nm)

0 Hrs 36 Hrs 1 Week 0Hrs 36 Hrs 1 Week
Time Time

Figure 5.1: Dynamic and electrophoretic light scattering measurements of zeta
potential (left) and size(right) of m-WOs suspension in synthetic influent.

5.3 Acclimatization of the Activated sludge in the SWTP

Upon inoculation of the treatment system, COD was used to monitor the
functionality of the WWTP. In both the test and reference unit, COD removal
showed an increase from 68% to more than the required 80%. Figure 5.2
illustrates SRT 2 and SRT 3 had a good removal efficiency suggesting that the

microorganisms responded well to the changes in the constituents of the influent
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from 50:50 raw sewage and synthetic sewage to 30:70. However, upon
introduction of the 100% synthetic influent, the removal was reduced to below the
required 80%. The dip is mainly due to the microorganisms acclimatizing on the
100% synthetic influent being fed to them. This resulted in reduced contact time
between the biodegradable materials and the microorganisms in the sludge hence
reduced the efficiency of the treatment system. A steady state was observed
between day 28 and 49 with the average removal efficiency of COD for the control
set at 86.5 % and that of the test at 87.5%. The presence of humic acid in the
synthetic effluent had no effect on the COD removal efficiency as acclimatization
of the flocs occurred successfully. This could be attributed to the fact that humic
acid is a major constituent of domestic wastewater thus the inoculum was already
acclimatized to it from the wastewater treatment plant obtained (Chaudque et al.
2014).
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Figure 5.2: Chemical oxygen demand (COD) removal efficiency in the simulated

wastewater treatment plant during acclimatization and steady state.
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Moreover, the temperature in the aeration chambers was maintained at an
average of 23°C for both test and control unit which was within the OECD
guidelines working range of 20-25°C (OECD 303A guidelines, 2001). Dissolved
oxygen was kept above 2 mgL? for the optimum survival of the flocs. The DO
concentration maintained such that it was neither too high or too low. A low
concentration of DO in the aeration chamber results in the outgrowth of
filamentous bacteria which are not essential for the activated sludge process, yet
at high concentrations results in improper settling of the flocks in the clarifiers
(Ahansazan et al. 2014).

5.4 Analyses of WOs in sludge

The EDS analysis of the dried sludge for both the control and test units is as
demonstrated in Figure 5.3. Several primary elements were present including
carbon, oxygen, magnesium, calcium and iron which are present in both tests
units, which arise from the activated sludge and the chemicals used during the
treatment process. The resulting tungsten peaks appeared in the test sludge
showing evidence of the spiked nanoparticles. The observation of the tungsten
peak was then confirmed using elemental mapping as depicted in Figure 5.4. The
SEM mapping micrographs revealed that the tungsten, as well as the other

elements, were evenly distributed.
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Figure 5.3: EDS analysis of the activated sludge in the control and m-WOs3 spiked

test units.

Figure 5.4: (a) SEM image of dried the sludge during the addition of 15 mgL™
m-WOQOs3 with the respective inserts of (b) carbon, (c) oxygen, (d) silicon and (e)

tungsten after SEM mapping of the image.

The sludge originating from the control test depicted in the PXRD patterns in
Figure 5.5, revealed the absence of tungsten, but peaks associated to carbon

(002) and SiO2. Peaks attributed to SiO2 with a hexagonal crystal structure
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referenced to ICDD card no. 01-087-2096 with (011), (314) and (143) indices. The
presence of the SiO2is supported by several authors who reported it to be found in
sludge ash including other metal oxides such as TiO2, Al203, and Fe203 (Lynn et
al. 2015; Magdziarz et al. 2016).
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Figure 5.5: PXRD patterns of the dried sludge exposed to wastewater spiked with

different concentrations of m-WO3 NPs

Furthermore, PXRD patterns of the sludge between day 49 and 56 with 5 mgL!
m-WOzs nanoparticles spiked into influent Showed m-WQOs3 peaks with low intensity.
Moreover, addition of 10 mgL? of m-WOz NPs in the influent wastewater, the
presence of m-WOs in the sludge was detected with the observation of (002),
(020), (200), (120), (112), (022), (202), (122), (004), (040), (140), and (420) indices
respectively with the peaks intensity increasing as spiked concentrations
increased to 20 mgL* as illustrated in Figure 5.5.
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These patterns confirmed the existence of the monoclinic polymorph of m-WQOs in
the sludge referenced to ICDD: 04-015-0122. This is evident that the activity of the
activated sludge did not alter the nature of the polymorph of WO3 as sharp peaks
appeared in the PXRD patterns which are indicative of the crystallinity of the m-
WOs in sludge. A similar observation was made by Chauque at al. (2016), who
reported that the Activated sludge had no effect on the crystallinity of ZnO
nanoparticles. The crystal size was computed using Scherrer’s formula and the
XRD data:

The obtained crystalline size was 15+0.15 nm of m-WOs in sludge which is
comparable to that of the pristine m-WOs spiked into the influent.The presence of
the m-WOs NPs in the sludge was further confirmed in TEM. The morphology of
the NPs observed closely resembled that of the pristine WOs shown in Appendix
A as both spherical and irregular shapes were observed as illustrated in Figure
5.6 confirming that the activated sludge had no effect on the morphology of the
NPs.

100 nm

Figure 5.6: TEM images of the test unit dried sludge
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5.5 The impact of m-WOs3 NPs on treatment plant functionality

The effect of the WO3 nanoparticles was monitored by assessing both COD and
BODs removal efficiency in the SWTP. Upon successful acclimatization, gradual
addition of m-WOs was added beginning with 5 mgL* to the synthetic influent and
pumped into the test aeration unit. The COD removal efficiency was still
comparable to the reference unit as both showed to be above 80%. A similar
observation was made in SRT 9 where 10 mgL* NPs was added and the removal
efficiency was greater than 80% by 2% as depicted in Figure 5.7 demonstrating
that the NPs had no effect on the functionality of the treatment plant. The OECD
guidelines (2001) stipulates that a removal efficiency >80% shows adequate
biodegradation of organic matter. The COD removal further decreased by 8%
when 15 mgL! was added. Precipitously, the COD fell to 62% when 20 mgL* was
added to the synthetic influent. The effluent COD values observed in SRT 10 and
11 do not meet South African regulations for discharge into the main streams

which require a maximum of 75 mgL! (Department of water affairs 2010).
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Figure 5.7: COD removal efficiency after addition of m-WQOz3 nanopatrticles
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Measurements of BODs in Figure 5.8 had a similar correlation trend to the data
obtained from COD. At SRT 10 and 11, the BODs was significantly different from
the test unit compared to the control which showed a removal of over 85%. This
infers that at concentrations greater than 15 mgL™! the nanoparticles tend to inhibit
the respiration in the activated sludge (Zhou et al. 2015). Thus, the decrease in
both the COD and BODs could be attributed to the nanoparticles being adsorbed
to the surface of the activated sludge (microorganisms) consequently reducing the
rate of respiration. This is supported by work done by Zhou et al., 2015, who
investigated how engineered nanoparticles impact the activated sludge in
wastewater treatment reported that oxygen flux decreased greatly after the sludge
have been exposed to various concentrations of nanoparticles (ZnO and TiO2) for
4.5 hours.
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Figure 5.8: BODs removal before and after addition of m-WO3 nanopatrticles

Of note, the conductivity measurements of the effluent samples from the test unit

were increasing as the concentration of added nanoparticles increased. These
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were from 764.9 uS/cm with 5 mgL* m-WOz to 846.9 uS/cm with 20 mgL* while
that of the control was maintained at around 750 puS/cm. The TDS followed a
similar observation as illustrated in Table 5.1. The increase in both conductivity
and TDS may be ascribed to the possible dissolution of W from WO3 nanopatrticles
during the treatment process in the aeration units. Studies conducted on the
dissolution of WOs revealed that WOs readily dissolute in an aqueous medium with
pH>4 (Liu et al. 2011; Anik & Cansizoglu 2006). It thus infers that m-WOs3
nanoparticles would readily dissolute in both surface waters and wastewater as
their pH ranges between 5-9. The presence of the W in the effluent is cause for
concern as it indicates that tungsten could find its way to the main rivers through
the discharge of the effluent. Strigul et al. 2009, reported that tungsten influences
the early stages of fish development implying that even though small
concentrations are released, bioaccumulation of this metal could be a great threat
to marine organisms (Strigul et al. 2009). The pH measurements for both the
control and test units were between 6.5 - 7.5 as tabulated in Table 2. Therefore,
m-WOs3 will dissolute during the treatment process as these pH >4 hence the

increase in conductivity of the effect in the test.
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Table 5.1: Monitored parameters in aeration tanks and effluents during the

addition of nanoparticles.

5mgl?W03 | 10 mgL*WOs; | 15 mgL'WO; | 20 mgL! WO3

Parameters (Day 50-56) (Day 57-63) (Day 64-70) (Day 71-77)

Mean \ SD Mean \ SD Mean \ SD Mean | SD
Control
pH 7.2 0.1 7.4 0.2 7.2 0.2 7.1 0.2
DO (mglL?) 4.1 0.33 4 0.25 3.8 0.3 3.7 0.3
Temperature (°C) 24 0.9 22.9 0.8 22.9 0.5 23.1 0.5
Conductivity
(uS/cm) 753.8 | 45.4 | 749.7 | 38.4 756.4 20.9 743.7 64.2
TDS (mgL?) 371.8 | 243 | 3733 | 11.6 | 385.8 16.9 361.2 | 16.8
MLSS (mgL™?) 1511.3 | 73.8 | 1596.3 | 121.3 1585 30 1601.2 | 314
MLVSS (mgL™?) 1302.5| 52.5 | 1378.8 | 101.3 | 1357.5 53 1405 27.5
COD (mgL?) 589 | 7.4 | 60.9 | 9.4 67.6 4.3 62.8 4
TSS (mgL?) 81 |267 | 71 | 172 8.6 2.51 7.8 2.60
BODs (mgL?) 0.45 0.15 0.3 0.1 0.4 0.1 0.3 0.1
Test
pH 7.2 0.2 7 0.1 6.8 0.1 6.9 0.1
DO (mgL?) 4.1 0.18 4.2 0.22 3.7 0.17 3.8 0.3
Temperature (°C) 241 | 06 23 0.7 22.9 0.5 22,9 0.4
Conductivity
(uS/cm) 7649 | 56.6 | 811.7 | 49.2 | 822.3 | 34.9 846.9 | 324
TDS (mgL?) 379.8 | 39.1 | 426.8 | 16.4 | 431.1 17.9 444.6 13
MLSS (mgL?) 1816.3 | 243.8 | 1805 |307.5| 1753.8 | 140.6 | 1603.8 | 29.4
MLVSS (mglL?) 1515 | 157.5 | 1468.8 | 278.8 | 1352.5 | 158.8 | 1123.7 | 18.9
COD (mglL?) 63.7 7.4 74.3 18 102 9.7 121.1 1.4
TSS (mglL?) 7.0 1.76 7.1 1.84 12.6 2.70 12.9 3.21
BODs (mgL?) 0.5 0.2 0.45 0.15 1.0 0.2 0.95 0.05

SD: Standard Deviation

The ratio of MLVSS to MLSS (MLVSS/MLSS) was also used to monitor the

survival of the flocs in the aeration chambers. According to Fan J. et. al 2015, the

ratio of MLVSS/MLSS should be greater 0.75 in a conventional wastewater

treatment system (Fan et al. 2015; Wentzel et al. 2002) as it is an indicator of the

concentration of the microorganisms constituted in the activated sludge. It is

evident that the MLSS were mostly organic matter signifying the population of the

microbes in the mixed liquor of the aeration tanks. In the control test, the observed

ratio for MLVSS/MLSS was much greater than the expected 0.75 in conventional
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wastewater treatment system mainly because of the use of synthetic sewage

which contained less suspended solids.

In this simulation, the ratios were found to be 0.83 (5 mgL* m-WOs added), 0.81
(10 mgL' WOs added), 0.77 (15 mgL! WOs added) and 0.70 (20 mgL* WOs
added) for the test unit. The control unit also showed comparable ratios which
were 0.86, 0.86, 0.85 and 0.88) (SRT 8, SRT 9, SRT 10 and SRT 11 respectively).
The addition of humic acid in the synthetic influent provided an increased
concentration of the organic material hence more food for the flocs. However, in
the test unit, the ratio showed a decrease of MLVSS/MLSS ratio as the
concentration of nanoparticles added increased implying that the MLSS were now
containing more suspended solids which were mostly not organic in their nature.
This observation complements both the SEM-EDS and mapping results which
showed the presence of elemental tungsten which possible exited still in

nanoparticle form.

50 ‘
I control [ test

40 4 |
~ - -
E ]
9 30 4
+= !
3
¢ 204
®
E -
3 10-
(an}

0 — T T T T T
50 55 60 65 70 75

Time (days)

Figure 5.9: Total plate count of both aeration units indicating microbial population
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The observation made with the MLVSS/MLSS ratio as indicative of the level of
microorganism was further confirmed with the TPC method. The TPC method
revealed that the amount of bacteria in the control aeration chamber were
comparable throughout the experiment as shown in Figure 5.9. However, for the
test unit, a decrease in the number of bacteria was observed after day 63 when
15 mgL* WOs was added. The decrease in the bacterial count after day 55 and
then an increase could be due to the microorganism acclimatized in the 10 mgL™
concentration of nanoparticles that was being spiked in the system. This decrease
concurred with the COD removal efficiency data which showed a reduction in the
COD removal efficiency which was ascribed to the decrease in the population of
microorganisms in the aeration vessel. Furthermore, the TSS showed a drastic
increase in the test effluent further confirming that the nanoparticles influenced the
functionality of the treatment plant. The decrease in continuous decrease in colony
forming bacteria could be due to either the death of microorganisms caused by the
introduction of the nanopatrticles. Secondly, the nanoparticles could have been
responsible for the prolonged rate of settable solids observed in the test clarifier.
Due to the poor settling rate, this resulted to a reduced RAS, for the sludge was
eluted as suspended solids, consequently increasing the content of suspended
solid in both SRT 10 and 11.

5.6 Distribution of m-WQO3 NPs in the WWTP

Knowledge on how the nanoparticles are distributed in the treatment plant or
rather removed by the activated sludge process is of vital importance. Hence the
concentration of the W in the sludge and effluent were compared to further
compliment the results observed in the EDS and Mapping in SEM which showed
the presence of W. Figure 5.10 demonstrated a high correlation of 0.86 between
the concentration of W in the sludge and effluent. About 80% the W was found to
be in the sludge while only 20 to 21% m/m in the effluent. This observation
suggested that the activated sludge treatment process could be used to remove W

from wastewater.
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Figure 5.10: Correlation of W in activated sludge and effluent

The 20% m/m found in outflow could be accounted by considering sorption on the
surface of the suspended solids found in the effluent. This was supported by a
study conducted by Puay N. et. al 2015 who reported that sorption was the main
route for the removal of ZnO nanoparticles in wastewater thus higher
concentrations of ZnO in the activated sludge than in the effluent (Puay et al.
2015).

Several studies have reported varying efficiencies on the removal of nanoparticles
in wastewater. For example, research done on the similar or other types of
materials have shown variations in the removal efficiency of the nanoparticles. For
example, Gomez-Rivera et al., 2012 reported 96% removal of CeOz2, while Gartiser
et al,, 2014 >95% of TiO2 (GOmez-Rivera et al. 2012; Gartiser et al. 2014).

Furthermore, a study conducted in a full-scale wastewater treatment plant reported
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74 to 85% m/m removal of the Ti found in the influent (Shi et al. 2016). These
variations could be ascribed to the differences in the surface properties of
nanoparticles and the chemistries as they interact with the wastewater which also
differs in constituent components (Chalque et al. 2016). Thus, the 80% reported
in this work could be due to the humic acid present in the synthetic influent which
reduces the agglomeration of WO3 nanopatrticles and hence increase dispersion

thus also increasing the likelihood of nanopatrticles being found in the effluent.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Monoclinic WO3 was synthesised and characterized using Powder x-ray diffraction
spectroscopy (PXRD), transmission electron microscopy (TEM), Brunauer-
Emmett-Teller (BET), UV-Vis spectrometer (DRS), Raman, Fourier transformed
Infrared (FTIR), Thermogravimetric Analysis (TGA) and Zetasizer Nano ZS. The
nanoparticles had a surface area of 3.544 m2g-1 and an average particle size of
236.5 nm with a crystal size of 15.0 nm.

The stability of the m-WOs nanopatrticles in water was found to increase as the
concentration of humic acid increased. This is due to the bridging effect of the
humic acid which then increases the repulsion forces between nanoparticles thus
inducing steric hindrances. The reduction of the rate of agglomeration by 0.2 nm/s
in water in the presence of humic acid provided further evidence to the increased
stability of the nanoparticles. However, the existence of the cations in the matrix
resulted in agglomeration of nanoparticles. This is due to the capability of the
cations to compress the electric double layer thus resulting in the van der Waals
attraction energies being dominant in order of
Ca?* > Mg?* > Na*.

The pzc of the nanoparticles was determined to be at pH 2.5 in DI water.
Therefore, at post pzc, the nanoparticles were stable. Moreover, at pH 5, the
nanoparticles demonstrated substantial agglomeration without compelling the
compression of the electric double layer in the DI suspension. Thus, WOs
nanoparticles are most likely to be stable and be transported longer distances in

both surface and ground waters

The impact of humic acid on the microbiological population in the aeration
chambers was investigated. Humic acid had no adverse effects on the functionality

of the SWTP as acclimatization of the inoculum was successful with a removal
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Chapter 6: Conclusions and Recommendations

efficiency greater than 80% in COD. The introduction of 5 mg/L nanoparticles has
no impact on the COD removal. However, increased concentrations of the WOs3
nanoparticles had an average COD values also increasing resulting in reduced
COD removal efficiency of 68%. This observation is due to that nanoparticle
inhibiting the microbial oxygen consumption. The total suspended solids also
increased while the MLVSS/MLSS ratio decreased due to an increased
concentration of inorganic matter in the activated sludge. Thus, suggesting that

WOs nanoparticles were adsorbed on the sludge.

The fate of the WO3 nanoparticle was studied through analysis of the sludge. Both
SEM mapping an EDS revealed the presence of W which was evenly distributed in
the sludge. XRD analysis showed patterns of crystalline monoclinic WOs
nanoparticles revealing that the activated sludge had no impact on the
nanoparticles as the polymorph was maintained. ICP-OES analysis showed that
80% of the W was retained in the sludge while about 20-21% was passed with the

effluent.

6.2 Recommendations for further work

The objectives of this research were achieved. However, several gaps have been
identified for further work in future for accurate risk assessment of WO3

nanoparticles in the wastewater treatment plant.

» The fate and behaviour of WOs3 nanoparticles during activated sludge in
WWTPs was investigated. However, wastewater is composed of other
complexing and precipitation agents such as humic acid, tannic acid, and
sulphides, which are all pH dependent. Therefore, investigating the
speciation of WOs nanoparticles in WWTPs may contribute to the
development of appropriate methodologies for the removal of nanopatrticles
before the disposal or reuse of bio-solid.

+« To fully understand the effect of the nanoparticles on the activated sludge

investigation of the bacterial species that are highly sensitive to the
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presence of WO3s should be studied to develop methodologies to overcome

the adverse effect.

% The adverse impacts on the wastewater treatment processes, such as
anaerobic digestion should also be conducted to fully determine the
appropriate stage for the application of the nanoparticles in the treatment

plant.

123



APPENDIX A: SEM images of pristine WOs depicting the different
morphologies observed

68 nm
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APPENDIX B:

Suspensions

Plots of
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APPENDIX C: Effect of lonic Strength Raw data

Sodium Chloride

lonic Strength

Hydrodynamic diameter

Zeta potential

Agglomeration rate

nm SD mV SD nm/s SD
0.2 1005 50.25 -19.3 0.579 0.315 0.02205
0.4 1046 52.3 -18.9 0.567 0.399 0.02793
0.6 1140 57 -18.7 0.561 0.41 0.0287
0.8 1122 56.1 -17.9 0.537 0.537 0.03759
1 1193 59.65 -17.9 0.537 0.625 0.04375
2 1287 64.35 -17.1 0.513 0.686 0.04802
4 1251 62.55 -16.1 0.483 0.74 0.0518
6 1290 64.5 -14.7 0.441 0.754 0.05278
8 1335 66.75 -13.7 0.411 0.868 0.06076
10 1370 68.5 -13.5 0.405 1.306 0.09142
Magnesium Chloride
lonic Strength Hydrodynamic diameter Zeta potential Agglomeration rate

nm SD mV SD nm/s SD
0.2 1799 89.95 -18.17 0.9085 0.936 0.03744
0.4 1975 98.75 -17.86 0.893 1.387 0.05548
0.6 1986 99.3 -16.37 0.8185 0.482 0.01928
0.8 2542 127.1 -16.1 0.805 1.749 0.06996
1 2869 143.45 -15.53 0.7765 1.576 0.06304
2 2701 135.05 -15.5 0.775 1.175 0.047
4 2567 128.35 -15.27 0.7635 2.298 0.09192
6 2995 149.75 -14.07 0.7035 1.115 0.0446
8 3002 150.1 -13.35 0.6675 2.849 0.11396
10 3151 157.55 -7.5 0.375 4.705 0.1882
Calcium Chloride
lonic Strength Hydrodynamic diameter Zeta potential Agglomeration rate

nm SD mV SD nm/s SD
0.2 1232 36.96 -14.17 0.9919 1.75 0.0525
0.4 1418 42.54 -14.86 1.0402 3.62 0.1086
0.6 1076 32.28 -12.37 0.8659 3.023 0.09069
0.8 1317 39.51 -12.1 0.847 3.67 0.1101
1 1770 53.1 -12.53 0.8771 2.901 0.08703
2 1872 56.16 -10.5 0.735 3.028 0.09084
4 1644 49.32 -10.27 0.7189 3.2 0.096
6 2423 72.69 -9.07 0.6349 4.014 0.12042
8 3549 106.47 -7.35 0.5145 4.702 0.14106
10 4235 127.05 -3.5 0.245 4.309 0.12927
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APPENDIX D:

Effect of Electrolyte Valency Raw data at 0.9 mM concentration

Sodium Chloride

pH

Hydrodynamic diameter

Zeta potential

Agglomeration rate

nm SD mV SD nm/s SD
2 2057 143.99 -9.1 0.637 1.508 0.10556
3 1562 109.34 -18.57 1.2999 1.158 0.08106
4 1331 93.17 -25.37 1.7759 1.054 0.07378
5 1307 91.49 -24.67 1.7269 0.989 0.06923
6 1155 80.85 -25.8 1.806 0.849 0.05943
7 1136 79.52 -26 1.82 0.806 0.05642
8 1066 74.62 -25.17 1.7619 0.802 0.05614
9 1055 73.85 -28.3 1.981 0.639 0.04473
10 1008 70.56 -28.3 1.981 0.225 0.01575
Magnesium Chloride
pH Hydrodynamic diameter Zeta potential Agglomeration rate

nm SD mV SD nm/s SD
2 3181 159.05 -2.53 0.1012 2.725 0.19075
3 2860 143 -9.32 0.3728 2.44 0.1708
4 2621 131.05 -11.1 0.444 2.373 0.16611
5 2531 126.55 -12.36 0.4944 2.13 0.1491
6 2426 121.3 -12.6 0.504 1.928 0.13496
7 2182 109.1 -13.1 0.524 1.817 0.12719
8 2248 112.4 -13.87 0.5548 1.92 0.1344
9 2104 105.2 -13.53 0.5412 1.555 0.10885
10 1544 77.2 -14.63 0.5852 1.496 0.10472
Calcium Chloride
pH Hydrodynamic diameter Zeta potential Agglomeration rate

nm SD mV SD nm/s SD
2 4932 246.6 2.29 0.1603 4.22 0.211
3 4611 230.55 -3.96 0.2772 3.42 0.171
4 4271 213.55 -7.23 0.5061 2.039 0.10195
5 3136 156.8 -9.18 0.6426 1.85 0.0925
6 2936 146.8 -8 0.56 1.445 0.07225
7 1865 93.25 -10.11 0.7077 1.056 0.0528
8 1486 74.3 -12.45 0.8715 1.005 0.05025
9 1485 74.25 -13.43 0.9401 0.956 0.0478
10 1056 52.8 -15.16 1.0612 0.478 0.0239
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APPENDIX E: Influence of Humic acid studied at pH 5 in 0.9 mM electrolytic

solutions

Deionized water and 0.9 mM electrolytic solutions with Humic Acid

HA
Concentration Zeta Potential (mV)
(mg/L) DI SD NaCl SD MgCl, | SD CaCl, | SD
1 -15.18 | 1.0626 -13.33 | 1.333 | -12.83 | 1.0264 -11.1 0.888
2 -18.1 1.267 -13.83 | 1.383 | -12.87 | 1.0296 -11.7 0.936
3 -17.1 1.197 -14.83 | 1.483 | -12.27 | 0.9816 -11.4 0.912
4 -19.37 | 1.3559 -16.7 1.67 -13.1 1.048 -11.3 0.904
5 -19.9 1.393 -17.99 | 1.799 | -12.77 | 1.0216 -11.63 | 0.9304
10 -21.2 1.484 -19.26 | 1.926 | -13.1 1.048 -12.4 0.992
Deionized water with different concentrations of Humic Acid

Hydrodynamic diameter (nm)
Time () 1 ppm 2 ppm 3 ppm 4 ppm 5 ppm 10 ppm
90 1474 1727 1279 1874 1320 1526
180 1523 1883 1482 1954 1404 1606
270 1690 1949 1554 2050 1573 1781
360 1726 2098 1678 2194 1633 1874
450 1832 2226 1775 2330 1765 1956
540 1989 2382 1864 2426 1789 2028
630 2001 2444 2166 2492 1811 2164
Sodium Chloride with different concentrations of Humic Acid

Hydrodynamic diameter (nm)
Time (s) 1 ppm 2 ppm 3 ppm 4 ppm 5 ppm 10 ppm
% 1439 1535 1718 1695 1557 1465
180 1523 1715 1981 1700 1787 1584
270 1653 1829 2054 1870 1819 1677
360 1795 1945 2196 1908 1990 1899
450 1883 2047 2215 2093 2073 1936
540 1926 2161 2300 2277 2114 2070
630 2081 2227 2371 2290 2290 2175

129




Magnesium Chloride with different concentrations of Humic Acid

Hydrodynamic diameter (nm)

Time (s) 1 ppm 2 ppm 3 ppm 4 ppm 5 ppm 10 ppm

2493 2538 2400 2482 2332 2259
90

2615 2668 2605 2597 2397 2314
180

2818 2779 2812 2604 2421 2348
270

2942 2870 2918 2801 2608 2401
360

3085 2995 2998 2944 2769 2572
450

3284 3205 3090 3041 2804 2656
540

3396 3276 3122 3116 3041 3060
630
Calcium Chloride with different concentrations of Humic Acid

Hydrodynamic diameter (nm)
Time () 1 ppm 2 ppm 3 ppm 4 ppm 5 ppm 10 ppm

2952 2882 2704 2599 2297 2228
90

3116 2974 2819 2624 2501 2369
180

3336 3171 2947 2935 2700 2489
270

3416 3281 3096 3237 2701 2566
360

3614 3348 3293 3312 2719 2656
450

3719 3407 3329 3388 3073 2733
540

3828 3509 3479 3546 3110 2843
630
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APPENDIX F: SEM Mapping and EDS spectra of the test unit waste sludge

SEM image of dried the sludge during the addition of 5 mgL? WOs with the
respective inserts of (b) carbon, (c) oxygen, (d) silicon and (e) tungsten after SEM
mapping of the image.

EDS analysis of the activated sludge in the test unit spiked with 5 mgl* WOz NPs.
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SEM image of dried the sludge during the addition of 10 mgL? WOz with the
respective inserts of (b) carbon, (c) oxygen, (d) silicon and (e) tungsten after SEM
mapping of the image.

EDS analysis of the activated sludge in the test unit spiked with 10 mgl* WO3s NPs.
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SEM image of dried the sludge during the addition of 20 mgL? WOz with the
respective inserts of (b) carbon, (c) oxygen, (d) silicon and (e) tungsten after SEM
mapping of the image.

EDS analysis of the activated sludge in the test unit spiked with 20 mgl-t WOz NPs.
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APPENDIX G: Measured influent parameters during Simulation

Parameters SRT 1 SRT 2 SRT 3 SRT 4 SRT 5 SRT 6

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Control
pH 7.20 2.9 7.19 0.1 7.57 0.2 8.18 0.1 8.13 0.1 8.32 0.2
Conductivity (uS/cm) 1960 28.3 | 13785 | 79.9 1168 1280 253 1114.3 21.8 11143 | 56.4
TDS (mg/L) 994.8 719 585 634 568.8 17.9 562.8 30.2
COD (mg/L) 440.9 12.2 461.2 45.1 459.1 70.8 500.2 443 377.7 39.0 484.1 24.1
TSS
BODS5 (mglL-1) - - - - 2.95 0.05 33 0.1 3.75 0.05 2.95 0.15
Test
pH 7.20 2.9 7.19 0.04 7.74 0.3 8.24 0.2 8.05 0.2 8.14 0.2
Conductivity (uS/cm) 1970 21.2 1407 57.9 1148 1157 12.8 1183 31.8 1118.5 |43.1
TDS (mg/L) 994.3 730 581 592.7 571.8 12.8 531 36.0
COD (mg/L) 4459 | 3.1 428.6 32.2 393.3 30.7 453.6 52.4 393.3 30.6 490.1 19.9
TSS
BODS (mg/L) - - - - 3.45 0.25 3.15 0.35 3.0 0.2 34 0.4
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Parameters SRT 7 SRT 8 SRT9 SRT 10 SRT 11

Mean SD Mean SD Mean SD Mean SD Mean SD
Control
pH 8.00 0.4 8.16 0.1 8.15 0.4 8.13 0.2 8.13 0.2
Conductivity (uS/cm) 1140 43.7 1167 29.0 1125 47.7 1118.6 47.7 1143.1 46.2
TDS (mg/L) 533.7 21.4 570.2 13.9 556.3 25.0 549.1 20.2 576.9 34.5
COD (mg/L) 489.1 40.3 335.9 19.4 446.6 74.8 407.7 29.6 395.9 11.0
TSS
BODS5 (mglL-1) 2.75 0.75 3.55 0.05 3.85 0.35 2.9 0.9 2.4 0.4
Test
pH 8.26 0.1 8.30 0.5 8.30 0.3 8.18 0.3 8.15 0.1
Conductivity (uS/cm) 1323.5 54.7 1118 38.6 1186.7 34.5 1116.4 71.4 1169.9 42.4
TDS (mg/L)
COD (mg/L) 482.3 32.1 384.7 45.8 407.5 89.5 390.4 21.0 394.8 10.9
TSS 564.5 25.0 594.1 313 538.1 27.6 551.9 42.6 595.2 12.2
BODS5 (mg/L) 2.6 3.44 0.5 3.45 0.45 3.15 0.55 2.75 0.05

SD: Standard Deviation
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APPENDIX H: Measured parameters of the Aerobic chambers during the treatment process

Parameters SRT 1 SRT 2 SRT 3 SRT 4 SRT 5 SRT 6 SRT 7

Mean | SD Mean SD Mean SD Mean SD Mean SD Mean | SD Mean SD
Control
Temperature (°C) 22.9 0.6 23.3 0.5 23.1 0.4 24.0 1.1 24.1 0.5 24.0 0.9 23.8 0.4
DO (mg/L) 3.68 0.33 3.91 0.27 3.77 0.32 | 3.82 0.38 3.91 0.20 | 4.10 0.21 | 3.48 0.54
MLSS (mg/L) 1431.3 | 53.8 1445 117.5 | 1400 40 1358.8 | 73.7 13784 | 25.6 | 1405 43.2 | 15113 | 74.9
MLVSS (mg/L) 1351 37.5 1247.5 | 126.3 | 1188.8 | 36.9 | 1195 80 1202.6 | 25.0 | 1188.0 | 36.7 | 1302.5 | 52.5
VSS/SS 0.92 0.02 0.86 0.03 0.85 0.01 | 0.88 0.02 0.87 0.01 | 0.85 0.01 | 0.86 0.03
Test
Temperature (°C) 22.6 0.6 23.1 0.2 22.0 0.2 24.2 1.2 24.3 0.6 24.1 0.7 22.9 0.8
DO (mg/L) 3.79 0.29 4.00 0.20 3.82 0.28 | 3.99 0.19 3.93 0.17 | 3.99 0.15 | 3.78 0.38
MLSS (mg/L) 1616.3 | 48.8 1502.5 | 56.3 1562.5 |51.2 | 15225 |1029 |1611.2 |31.1 | 1562.8 |38.1 | 1816.2 | 43.5
MLVSS (mg/L) 1496.2 | 36.3 1321.3 | 58.8 1365 57.5 | 1385 85.0 1412.5 | 40.0 | 1348.3 | 25.7 | 1515 157.5
VSS/SS 0.93 0.01 0.88 0.02 0.87 0.02 | 0.86 0.01 0.88 0.03 | 0.87 0.02 | 0.84 0.03

SD: Standard deviation
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APPENDIX I: Measured parameters of the Effluent during the treatment process

Parameters SRT 1 SRT 2 SRT 3 SRT 4 SRT 5 SRT 6 SRT 7

Mean | SD Mean SD Mean SD Mean SD Mean SD Mean | SD Mean SD
Control
pH 7.36 0.2 6.90 0.1 7.28 0.3 7.22 0.1 7.20 0.3 7.16 0.4 7.24 0.3
Conductivity (mg/L) 1279.3 | 161.3 | 1026.5 | 95.3 840 - 845.3 15.5 867 - 753.4 | 45.4 | 749.7 38.4
TDS (mg/L) 638 509.8 - 420 - 434 - 3723 258 3719 |243 |3733 11.6
COD (mg/L) 72.4 25.9 67.9 7.2 77 9.6 68.2 7.1 57.9 5.5 52.7 4.2 64.7 3.90
BODs (mg/L) - 0.8 - 1.05 0.15 | 1.10 0.1 0.75 0.15 | 0.3 - 0.45 0.14
TSS (mg/L) 9.0 2.85 7.6 1.8 7.90 2.32 | 6.0 2.27 7.30 2.18 | 8.10 2.37 | 7.20 1.21
Test
pH 7.29 0.2 6.84 0.3 7.34 0.2 7.19 0.1 7.13 0.4 7.16 0.3 7.02 0.5
Conductivity (mg/L) 1361.5 | 129.5 | 1024.8 | 94.4 1033 - 1021 21.5 876 - 7649 |56.6 | 811.7 49.2
TDS (mg/L) 677.3 |- 512 - 482 - 512 - 371.4 24.1 | 3799 |39.1 |426.8 16.4
COD (mg/L) 80.9 30.0 66.9 9.4 80.3 12.8 | 67.4 3.9 63.4 6.6 55.9 7.3 60.9 4.9
BODs (mg/L) - - 1.05 0.05 0.75 0.07 | 0.85 0.04 0.65 0.14 | 0.25 0.05 | 0.5 0.2
TSS (mg/L) 9.1 2.40 7.60 2.11 7.5 1.29 |6.71 1.44 8.9 239 | 7.1 1.27 |84 1.97

SD: Standard Deviation
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