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EXECUTIVE SUMMARY

Despite the numerous advantages of nanotechnology and nanomaterials (NMs) applied in a
variety of study fields ranging from catalysis and water treatment materials, to environmental
remediation and biomedicine, concerns have been raised for the human health and the
environment. Nanomaterials, especially zinc oxide and silver, are increasingly being applied
in consumer products such as sunscreen, clothing, electronic appliances, and a variety of
medical equipment have been produced over the past years. It is expected that such products
will be on the increase. As such, substances from these NMs might increasingly be released
into wastewater processes, where the knowledge of their fate and ecotoxicological effects on
the microbial population of wastewater systems is still lacking. Studies have reported that
these ecotoxicological effects can ultimately inhibit the performance of the WWTPs.

Activated sludge usually consists of various microbial strains of bacteria including
their extracellular products, and about 9% protozoan population. Regrettably, the presence of
NMs in the system can inhibit the functions of these essential microbial communities
resulting in detrimental effects on the performance of WWTPs. NMs are reported to (i) exert
antimicrobial properties through different mechanisms, e.g. adsorption on the cell wall,
degradation of the lipopolysaccharide molecules, as well as the accumulation of NMs inside
cells; (ii) generate reactive oxygen species that cause oxidation; (iii) cause damage to
deoxyribonucleic acid (DNA) thereby dismantling cell replication abilities. Despite these
reports, information in relation to the impact of NMs on the biological processes during
wastewater treatment is insufficient. It has been suggested that the fate and behaviour of NMs
changes with the presence of natural organic matter; contaminants and extracellular
polymeric substances (EPS), lead to the precipitation of these NMs in the sludge. These nano-
wastes may represent an environmental risk if disposed at landfills. The focus of this project
was on the investigation of the potential impact of ENMs on wastewater treatment plants,
using laboratory scale activated sludge based wastewater treatment systems (OECD 303A).
The present study therefore aimed to investigate the physicochemical behaviour, chemical
effect, fate and potential impacts on microbial population (particularly the bacteria and
protozoa), and to examine the resistance limits of these organisms after their exposure to
engineered nanoparticles (ENMs).

The methodology involved the use of commercial nanopowders of zinc oxide and
silver as the source of nanoparticles. Before the application of the nanoparticles in the

WWTP process, they were characterized in terms of shape and size using high resolution
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transmission electron microscope (HRTEM, JEOL-JEM 2100) and scanning electron
microscopy (SEM, Jeol JSM-6480 LV). The actual surface areas were also determined using
Brauner, Emmett, and Teller (BET). The X-ray diffraction (XRD) powder peaks patterns
were recorded by PANalytical X'Pert PRO diffractometer system using Cu-Ka (A=1.5438A)
radiation operating in voltage 40 kV and 50 mA. The FTIR spectra of nZnO and nAg were
obtained using 150 mg of KBr. Analysis of the wastewater samples for the metal ions was
done wusing inductively coupled plasma optical emission spectrometer (ICP-OES).
Wastewater samples were collected from Northern Johannesburg Water and Daspoort
wastewater treatment plants (WWTPs). The physicochemical properties such as pH,
dissolved oxygen (DO), chemical oxygen demand (COD) and metal contents were
determined. The main reagents used for the experiments were D-glucose anhydrate (2.5 g/L)
and MgS04H,O (0.5 g/L) and KNO; (0.18 g/L) as sources of carbon and nutrients
respectively. The stock suspension at concentrations of 40 g nZnO/L and 2 g nAg/L were
used to prepare the culture media at varying concentrations.

The results obtained suggest that the removal of ZnO ENPs from the influent
wastewater occurred as the sludge settled out. The removal efficiency was directly
proportional to ionic strength and pH. The ZnO ENPs suspension in the wastewater was used
to monitor the particle size distribution using the dynamic light scattering analysis (DLS).
The formation of agglomerates was observed from the TEM and EDS analyses and the results
confirmed the presence of ZnO aggregates. It was observed that the commercial NMs were in
nanosize at a range between 1-100 nm with different shapes. The total surface area recorded
from BET was found to be 15.88 m’g™ and 5.37 m’g” for nZnO and nAg respectively. The
zincite phase and faced centred cubic phases were obtained from XRD diffractograms. The
vibration band peaks of the FTIR revealed the bonds attributed to C=0O and C=N and C=C
groups for Amides.

The antimicrobial activities of the target NMs towards protozoan consortium and
bacterial consortium were observed. The toxic effects of NMs were found to be highly
dependent on pH variations (pH 2, 7, 10), with an overall inhibition obtained at 20 g-nZnO/L
and at 0.65 g-nAg/L, for both bacteria and protozoa. At pH 7, MIC values were observed at
0.65 g-nAg/L and 0.105 g-nAg/L for protozoan isolates and bacterial isolates, respectively.
At pH 10 protozoan and bacterial growth was impaired by their exposure to 0.65 g-nAg/L. A
decrease in COD removal was observed after an increase in nZnO and nAg concentrations,
which resulted in an increase of COD release into the system. Similar observations were

noted with DO uptake because the increase in NMs concentrations was directly proportional
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to the decrease in DO uptake. The HRTEM images revealed some interactions between nZnO
and nAg with microbial cell membranes.

Overall, the results obtained indicated the suitability of the OECD 303 A method used
to assess the fate and behaviour of ZnO ENPs in WWTPs and their effect on microbes. In
light of the low concentrations of ZnO ENPs found in the treated effluent attained as a result
of their removal with the waste activated sludge (WAS), it is predicted that there will be low
likelihood of ZnO ENPs’ release and dispersion into the aquatic systems from WWTPs as
point sources. The elevated concentration of ZnO ENPs in the sludge necessitates additional
treatment steps to ensure the mitigation of possible dispersion of ENPs from various disposal
mechanisms such as landfilling, incineration and agricultural applications. The fate and
behaviour of ZnO ENPs in wastewater were also found to be affected by the presence of
electrolytes, ionic strength, organic matter and pH during the activated sludge wastewater
treatment. Thus, the release of zinc from ZnO ENPs suspension in wastewater was found to
be more significant under acidic conditions and low ionic strength. Further, it was observed
that the release of zinc from ZnO ENPs in wastewater was relatively lower compared to the
release of Zn from de-ionized water. This observation may imply that the release of
significant levels of nanomaterials into water from sediments and sludge is not likely to occur
if the pH conditions are around neural pH. Under alkaline conditions, a large fraction of the
metal-oxide ENPs showed strong tendency to settle out in the sewage sludge bio-solid rather
than being dissolved or dispersed in the filtrate. The depositions of ENPs on sludge suggest
their removal by abiotic, bio-sorption and bio-solid settling mechanisms. Furthermore, the
size of ZnO ENPs was found to significantly increase upon exposure to wastewater matrix,
an observation that may possibly suggest a significant sorption and stabilization capacity of
synthetic organic matter from domestic waste and natural organic matter (NOM) such as
humic substances.

Under the conditions of this study, which simulated the real WWTPs, the consortium
of bacteria collected from a well operated WWTP and employed in the aeration chamber,
were able to remove the organic matter in the wastewater spiked with ZnO ENPs. Both the
COD and DOC were not significantly affected by changes in ENPs’ concentration, a
phenomenon suggesting adaptation ability of microorganisms responsible for organic matter
degradation during activated sludge wastewater treatment upon long term exposure to ENPs.
The toxicity of ENPs demonstrated a pH-dependence towards selected single bacterial
isolates and the consortium of protozoan and bacterial isolates. Exposure of target bacterial

and protozoan isolated to ENPs results in cell growth reduction, which progressively lead to
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cell inhibition. The toxicity effects of the target ENPs towards wastewater bacterial and
protozoan population may diminish the performance of biological treatment processes and
affect the efficiency of wastewater treatment plants, in producing effluent of high quality in
the long term.

Recommendations for further studies: based on the results obtained in this study,
some gaps were identified for future work and these include:
1. Investigation on the bacterial species highly sensitive to the presence of ZnO ENPs, in
order to understand which stages of the activated sludge wastewater treatment processes are
more affected by the presence of nanoparticles. This will help to develop methodologies for
overcoming the potential adverse effects of ENP.;
i1. Investigations on the impacts of ENP sludge accumulation on sludge treatment processes,
such as anaerobic digestion.
iii. Elucidation of the mechanism governing ENPs accumulation on sludge and biofilms,

which may help assess the possible mitigation of their long-term impacts.
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CHAPTER 1

INTRODUCTION

Preamble

This chapter presents the problem statement, background to the study, key research questions,
aims and objectives of the study. The focus of the study was to investigate the fate and
behaviour of ZnO ENPs after they were introduced into a simulated wastewater treatment
system. This was achieved by investigating the physicochemical parameters and stability of
ZnO ENPs in wastewater as well as monitoring of the impact of the ENPs on the bacterial

degradation of the organic matter, in a simulated wastewater treatment plant.

1.1 Problem Statement

Wastewater treatment plants (WWTPs) have been utilized for the removal and/or degradation
of contaminants from wastewater for generations, and they still play a pivotal role on the
sustainable wastewater recycling (Sonune and Ghate, 2004). 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 its use as
fertilizer in agriculture (Sykes, 2003). However, under certain circumstances the sludge is
disposed of for incineration where the residue ashes are landfilled or the sludge is landfilled
without any further treatment (Metcalf and Eddy, 2004). The methodology employed for
pollutant removal or degradation in WWTPs depends upon the nature of the wastewater.
Among the methodologies employed in treating municipal wastewater, the biological
processes constitute the oldest, cheapest and most used methodology worldwide up to date

(Sonune and Ghate, 2004).

The biological wastewater treatment processes employ activated sludge (AS) consisting of a
consortium of bacteria essentially to degrade organic matter present in wastewater (Strom and
Jenkins, 1984). The AS typically treats biodegradable organic material present in domestic
sewage as well as effluents from other forms of diverse sources such as pulp and paper mills,
food industries, abattoirs, textile mills, edible oils, coal gasification wastes, petrochemical
wastes, and oil refinery wastes (Metcalf and Eddy, 2004). The AS can also adsorb toxic

substances thereby removing them from wastewater (Kiser et al., 2010; Sheng et al., 2008).



However, the presence of toxic substances in WWTPs may inhibit the bacterial activity and
thus adversely impact on the wastewater biological treatment processes.

Nanotechnology is currently among the most promising emerging technologies aimed to
address both societal- and industrial-related challenges in an endeavour to improve the
quality of life. The potential market value for nanoproducts from 2011 to 2015 has been
predicted to go up to US$1 trillion per annum (Navarro et al., 2008) while the production is
predicted to increase to about 58 000 tons by 2020 (Royal Society and Engineering Council
Report, 2004). The ENMs constitutes the basic building blocks of nanotechnology; and are
widely applied in electronic, biomedical, personal care and automotive products (Rupasinghe,
2011). Due to the increasing widespread use of ENMs, their disposal to the sewage as their
final sinks is inevitable and metal-oxides such as ZnO ENPs will certainly be released into
the environment during manufacturing, transportation, use, and disposal phases of their
lifecycle because they are produced in large quantities as well as applied in diverse

commercial products (Brar et al., 2010).

Therefore, WWTPs are a significant point source for ENMs entering into the environment
(e.g. aquatic systems, soils and air) through treated effluent, bio-solids, and plant-generated
aerosols (Westerhoff et al., 2011; Musee et al., 2011; Brar et al., 2010; Gottschalk et al.,
2010; Kiser et al., 2010; Kiser et al., 2009; Limbach et al., 2008; Stone et al., 2010; Nowack
& Bucheli, 2007). Considering the ZnO ENPs application in a broad range of products
including sunscreens, paints, cosmetics, dye-synthesised cells, plastic additives, catalysts and
electronics, due to the distinctive physicochemical (e.g. thermal, electronic and optical)
properties (Keller et al., 2010; Musee, 2011; Zhou et al., 2010) their production will increase,
thus increasing their likelihood release into the wastewater systems. However, little is known
about the removal efficiency and adverse effects of ENMs in WWTPs (Westerhoff et al.,
2011; Kaegi et al., 2010; Musee, 2011).

Currently, the disposal of nanoproducts to the sewage system is already occurring (Brar et al.,
2010; Kiser et al., 2009) though inadequate, the available data suggest that ENMs may
present unknown and likely unpredictable health and environmental risks (Auffan et al.,
2009; Baun et al., 2008; Biswas and Wu, 2005; Boxall et al., 2007; Bystrzejewska-
Piotrowska et al., 2009; Maynard et al., 2006; Moore, 2006). Moreover, only recently studies
have been initiated in determining the possible removal mechanisms of ENMs during

wastewater treatment as well as their fate and behaviour in terms of uptake and
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bioaccumulation (Limbach et al., 2008; Kiser et al., 2009; Choi et al., 2009; Brar et al., 2010;
Chauque et al., 2013). Notably, these studies are too few to provide solid scientific basis to
draw firm conclusions on the potential effects of ENMs in the wastewater systems. As a
result, concerns have been raised over the environmental fate, behaviour and toxicity of
ENMs. In this regard, understanding the stability of ENMs in aquatic systems in terms of
forming aggregates and/or agglomerates that sediment or dissolve, are among the important
factors related to the fate of nanoscale materials in the aquatic environment (Bian et al.,
2011). Therefore, given that the WWTPs are among the most significant point sources of
ENMs releases into the aquatic systems, it becomes imperative that these nanoscale
materials’ fate and behaviour are studied in the environmental system such as water systems

including WWTPs.

The extensive production, manufacturing and application of metal and metal oxides
commercial nanomaterials (NMs) has remarkably increased over the past years. This is due to
their unique surface -to- volume ratio, size/quantum effect and increased atoms at the grains
boundaries, making them different from the bulk material counterparts (Heinlaan et al., 2008;
Akbari et al., 2011; Premanathan et al., 2011). Of all the commercial NMs, zinc oxide
(nZnO) and silver (nAg) are among the most produced NMs, due to their physicochemical
properties indicating different spectra of activities and morphologies. It has been reported that
nZnO have unique ceramic texture, photocatalytic capacity, piezoelectric properties used as
additives (to functionalize as semiconductor), and photo-oxidizing ability against chemical
and biological species (Adams et al., 2006; Ju-Nam and Lead 2008; Padmavathy and
Vijayaghavan, 2008; Aruoja et al., 2009; Premanathan et al,. 2011). On the other hand, silver
nanomaterials have found usage in medical devices for over 2 000 years, leading to a
widespread attraction, exploitation and application in the medical field as a bactericidal and
as a therapeutic agent and food preservation (Prabhu and Poulose 2012). This is owing to
their high optical, thermal conductivity and electric properties, which lead to major
applications as catalysts, optical sensors of zeptomole (10—21) concentration in textile
engineering, electronics and optics (Choi et al., 2008a; Ju-Nam and Lead 2008;
Bystrzejewska-Piotrowska et al., 2009; Rai et al., 2009; Thwala et al., 2013).

The emergence of nanoproducts has introduced engineered nanomaterials (ENMs) among the
increasing emerging contaminants into WWTPs (Musee et al., 2011; Gottschalk et al., 2010;

Nowack & Bucheli, 2007). However, the adverse impacts of these contaminants to the
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treatment efficiency of WWTPs are largely non-quantified (Brar et al., 2010). In addition, the
fate and behaviour of ENPs from influent point to the effluent discharge point of WWTPs is
currently not well understood. This is presently of concern given there are no known
techniques nor adequate scientific knowledge to inform our collective understanding on how
ENMs should be managed to mitigate against both short- and long-term effects to the human
health and other biological life forms in the environment. Therefore there are key questions

that ought to be raised with regards to ENMs, as stated below.

1.2 Key questions

The following key questions were generated to meet the objectives of this research;

i.  Can engineered metal-oxides based nanomaterials such as ENPs be transformed and
removed from wastewater through processes like: adsorption, aggregation,
sedimentation, flocculation, and precipitation, during activated sludge wastewater
treatment process or will they persist in the treated wastewater effluent?

ii. Do engineered metal-oxides based nanomaterials such as ENPs affect the efficiency
of WWTPs on the organic matter removal?

iii. Do ENPs significantly affect the microorganisms with respect to their livelihood and

population?

1.3 Aim and objectives of the study

The aim of the study was to investigate the fate and behaviour of ZnO ENPs after they are
introduced into a simulated wastewater treatment system. This was achieved by investigating
the stability of ZnO ENPs in wastewater as well as monitoring of the physicochemical
characteristics of ZnO ENPs in a simulated wastewater treatment plant. This was achieved

through the following objectives:

i.  Investigate the stability of ENPs in wastewater to assess how they are influenced by
the presence of natural organic matter as well as variations in pH and ionic strength
variables;

ii.  Characterize the physicochemical parameters of ENPs before and after they are

introduced into a simulated wastewater treatment plant;



iil.

1v.

Monitor the wastewater quality parameters COD, DO, DOC, and TSS to ascertain the
plausible impact of ENPs on the WWTP efficiency; and

Analyse the suitability of the OECD sewage treatment plants model for assessing the
fate, behaviour, and potential impact on the organic matter removal efficiency.
Determine the microbial concentrations of the test isolates at different concentrations
of ENPs and investigate the effects of the selected environmental factors on

interactions of microbial populations and the NMs.



CHAPTER 2
LITERATURE REVIEW

Preamble

This chapter reviews the methodologies used for the treatment of wastewater, their role as
water recycling facilities and the ability to remove pollutants from wastewater. The chapter
also outlines the nanotechnology and the impacts associated with the use of nano-products to
the environment and the human health, as well as a review of the risks arising from the
disposal of nano-products into the sewerage systems. The analytical techniques used for the
characterization and quantification of the ZnO engineered nanoparticles throughout the study
have also been reviewed. The methodologies on bacterial assays involved assessment of pure
bacterial culture growth; determination of minimum inhibition concentration (MIC); bacteria
activities in the killing kinetics for nAg and nZnO in broth; bacterial susceptibility of nAg
and nZnO; extraction and analysis of extracellular polymer substance (EPS); determination of
the effect of pH on survival limit of single bacterial isolates exposed to nanomaterials;
comparing survival limit of consortium isolates (bacteria/protozoa) exposed to nanomaterials

with change of pH.

2.1 Introduction

Through their lifecycles, nZnO and nAg are likely to enter natural water bodies channelled
via wastewater treatment plants (WWTPs) (Aruoja et al., 2009). Thereafter, leading to
environmental risks associated to possible detrimental implication on microbial driven
processes and public health concern (Neal 2008; Tso et al,. 2010; Baalousha et al,. 2013; Li et
al., 2013; Beddow et al., 2014; Musee et al., 2014). It has been reported that municipal
wastewater treatment plants (WWTPs) are the main sources of pollutants as they transport
contaminated effluent into water surface, landfills and soils (Kiser et al., 2010). Biological
treatment of wastewater involves confining naturally occurring bacteria at very much higher
concentrations in tanks. These bacteria, together with some protozoa and other microbes, are
collectively referred to as activated sludge. During water treatment, the bacteria remove small
organic carbon molecules by degrading them and as a result the bacteria grow as they feed on

the waste, while at the same time the wastewater is cleansed. It has been reported that the
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control of the treatment process can be affected by the changes in the composition of the
bacterial flora of the treatment tanks, and the changes in the sewage passing into the plant
(Davies 2005). High concentrations of toxic chemicals can produce a toxic shock that kills
the bacteria. This can result in inefficient performance of the wastewater treatment systems

to produce effluents of the required standards.

Currently, majority of investigations have been focused on human health implications of
NMs; very few efforts consider the environmental implications of NMs, including the fate,
transport, and toxicity, to promote sustainable use of these novel materials (Ju-Nam and
Lead, 2008). Furthermore, there is still a knowledge gap on the actual uptake mechanism,
induce effect, transport in biological compartments and toxicity modes of action in particle
specific (Ju-Nam and Lead 2008; Baker et al., 2013). Even if the exact antibacterial mode of
action is yet to be discovered for nZnO, the catalytic oxidation in silver promoted by metallic
silver reacting with monovalent silver ions are likely to contribute to toxicity (Ju-Nam and
Lead 2008). To date, antimicrobial research studies of #ZnO and nAg have vastly increased
towards microbial species and freshwater organism, including duckweed, nematodes
(Caenorhabditis elegans), waterflea (Daphnia magna), zebra fish, and pond snails (Lymnaea
stagnalis) (Adams et al., 2006; Heinlaan et al., 2008; Aruoja et al., 2009; Azam et al., 2012;
Baker et al., 2013). It has been pointed out that it is the rate of exposure and effect of
nanomaterials on bacterial strains that varies due to different cell physiological characteristics
and metabolism (Adams et al., 2006). In addition, the bioavailability and toxicity of NMs
towards bacteria may alter the normal ecological process, functions and productivities (Neal
2008). Thus, bacterial cells actively produce extracellular polymeric substances (EPS), which
are polysaccharides rich in organic matter. These polymeric substances are known as a
protective barrier for cell wall during exchange processes and in contact with environment
(Kiser et al., 2010) and may stabilise NMs, due to their ability to produce soluble biomass
associated products (Laspidou and Rittmann 2002).

A number of studies have depicted that NMs are able to (i) adhere to a cell, block essential
pores and membrane functions; (ii) enter the cell by endocytosis via pores, degrades the
lipopolysaccharide molecules and accumulate inside cells (Li et al., 2008; Liang et al., 2010;
Musee et al., 2011; Baker et al., 2013), facilitate reactive oxygen species (ROS) production
by redox reaction with oxygen, damage deoxyribonucleic acid (DNA), resulting in the loss of

cell replication ability (Neal 2008; Padmavathy and Vijayaraghavan, 2008; Liang et al., 2010;
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Musee et al., 2011; Baker et al., 2013). Regardless of the belief that nZnO are non-toxic,
biosafe and biocompatible, toxicological activities reports have shown nZnO to cause
damages on the cell membrane due to oxidative stress (Huang et al., 2008). In addition,
experimental studies showed near complete inhibition of B. Subtilis due to nZnO and that in
the presence of both light and in darkness, while E. coli has been found less susceptible to
nZnO in dark conditions (Adams et al., 2006; Dasiri et al., 2013). This is owing to novel
physicochemical properties of NMs; among such is the size scale that is relative to that of

bacteria and recalcitrant environmental pollutants (Choi and Hu 2008; Choi et al., 2008b).

2.2 Organization for Economic Co-operation and Development (OECD) guidelines

for the testing of chemicals

The transition from the use of soap-based detergents to the newly developed synthetic
detergents in the mid-20" century caused excessive foaming in wastewater treatment plants
and in water systems including rivers and lakes (Scott and Jones, 2000). The removal of these
detergents was limited and even compromised the degradation of the organic matter in the
wastewater treatment plants. However, to conduct biodegradation studies of the emerged
surfactants in the large scale wastewater treatment plants was impractical and costly.
Therefore, the Organization for Economic Co-operation and Development (OECD) adopted
model units in representation to the two main types of aerobic biological wastewater
treatment (activated sludge and percolating or trickling filtration) to conduct biodegradation
studies. This protocol provided guidance for the construction of the simulated wastewater
treatment plant and is known as the OECD guideline for the testing of chemicals, revised in
OECD 303 in 2001. Nowadays, OECD accounts for 40 countries members worldwide and
represent 80% of the world trade and investment, giving it a pivotal role in the world

economy.

2.3 Wastewater treatment processes

Wastewater is a combination of liquids and solids discharged to the sewer systems
originating from sanitary housing, commercial, industrial and institutional facilities as a result
of human activity in addition to the storm water, groundwater and surface water that might

have infiltrated to the sewerage. In general, wastewater is comprised of suspended solids,



sediments, minerals, toxic compounds, inorganic chemicals, dissolved and suspended organic
matter (volatile or biodegradable), nutrients, pathogens and parasites (Sonune and Ghate,
2004). The process of reducing the load of solids, transforming the organic matter from
highly complex form to relatively stable organic solids, and removal or inactivation of
pathogens and parasites in wastewater, is known as the wastewater treatment (Sonune and
Ghate, 2004).

Wastewater treatment processes were first introduced to the human civilization in the early
20™ century in Britain and readily widespread to the entire world due to the pivotal role they
play as water recycling facilities. Currently, South Africa has over 50 wastewater treatment
plants distributed in eight provinces. The methodology employed in wastewater treatment
processes depends upon the application required to the treated wastewater effluents. The
effluents can be used to supplement the public water supply, irrigation in agriculture or for
disposal in the environment (e.g. water systems including rivers and lakes) to replenish the
anthropogenic water usage. Though the composition of wastewater depends on the lifestyle
and dietary of each society, Table 2.1 indicates the general characteristics of raw wastewater

(Metcalf and Eddy, 2004).



Table 2.1: Typical characteristics of untreated domestic wastewater.

Contaminant Unit Concentration
Low Medium High
strength strength Strength
Solids, total (TS) mg/L 390 720 1230
Dissolved, total (TDS) mg/L 270 500 860
Fixed mg/L 160 300 520
Volatile mg/L 110 200 340
Suspended solids, total (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, mg/L 110 190 350
5-d, 20°C (BODs, 20°C)
Total organic carbon (TOC) mg/L 80 140 260
Chemical oxygen demand (COD) mg/L 250 430 800
Nitrogen (total as N) mg/L 20 40 70
Organic mg/L 8 15 25
Free ammonia mg/L 12 25 45
Nitrites mg/L 0 0 0
Nitrates mg/L 0 0 0
Phosphorus (total as P) mg/L 4 7 12
Organic mg/L 1 2 4
Inorganic mg/L 3 5 10
Chlorides mg/L 30 50 90
Sulfate mg/L 20 30 50
Oil and grease mg/L 50 90 100
Volatile organic carbon (VOCs) mg/L <100 100-400 > 400
Total coliform No./100 mL 10°-10° 10’-10° 10"-10"
Fecal coliform No./100 mL 10>-10° 10*-10° 10°-10°
Cryptosporidium oocysts No./100 mL 107"-10° 107"-10" 1107-107
Giardia lamblia cysts No./100 mL 107107 10107 1107-10°
Alkalinity (as CaCO3) mg/L 50 100 200
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Wastewater treatment usually involves physical, mechanical, biological and chemical
processes. Biological processes can be divided into two categories namely suspended growth
(e.g. activated sludge and aerated lagoons) and attached growth or biofilm (e.g. trickling filters
and rotating biological contactors) (Sykes, 2003). In the process operations, different stages
can be distinguished into: (i) preliminary treatment, involving screening, grinding and grit
removal to prevent damages of the equipment; (ii) primary treatment, involving sedimentation
processes for the removal of floating and settleable materials; (iil) advanced primary
treatment, involving the addition of chemicals for the removal of suspended and dissolved
solids; (iv) secondary treatment (with or without nutrient removal), involving biological
and/or chemical processes for the removal of organic matter and (v) advanced (tertiary)
treatment, involving a combination of biological, chemical and physical processes to enhance
efficient removal of residual suspended solids, organic matter, nutrients (phosphorus and
nitrogen) and toxic substances that are not significantly eliminated during the conventional
secondary treatment following the removal or inactivation of pathogens and parasites (Metcalf
and Eddy, 2004). The diagram below (Figure 2.1) is an illustration of a typical activated

sludge process for municipal wastewater treatment as adapted from Metcalf and Eddy, 2004.

Waste sludge

Screenings Grit Sludge (Optional)
1
1 1 | 1
Influent Bar Grit Primary Aeration : Secondary . . Effluent
* rack 7! chamber clarifier chamber clarifier Dessinfection 7

L)
‘Waste sludge
(Optional) L

Return activated shudge

Shidge

Figure 2.1: Typical (simplified) flow diagram of an activated sludge process for

wastewater treatment.

Historically, wastewater treatment processes were comprised of bioreactors employing
microorganisms (activated sludge) for the degradation of organic matter and removal of
contaminants and were denoted as conventional wastewater treatment processes. Over the last
decades, the water quality regulations became stringent due to the increased attention given to
trace contaminants in water favouring therefore, the emergency of alternative technologies in
order to upgrade or improve the conventional wastewater treatment processes (Abdulgader et

al., 2013). Currently, membrane systems including microfiltration, ultrafiltration,
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nanofiltration and reverse osmosis became competitive with conventional biological treatment
in terms of price and cost while producing far better treated water effluents (Baker, 2012).
Membrane technologies in wastewater treatment plants are usually combined with other
process units either for pre-treatment or post-treatment of wastewater. Membranes can also be
combined with bioreactors as one unit process or applied as bioreactors effluent receptors. In
addition, membrane processes are coupled with processes including coagulation, flocculation,
sedimentation, adsorption and ozonation to enhance high quality effluents and such processes

are known as advanced wastewater treatment processes (Metcalf and Eddy, 2004; Sonune and

Ghate, 2004).

2.3.1 Activated sludge wastewater treatment processes

Activated sludge (AS) is a consortium of microorganisms employed essentially to degrade the
organic matter present in wastewater. The AS consists of aerobic and anaerobic
microorganisms of autotrophic or heterotrophic nature that are comprised of bacteria, fungi,
protozoa, and rotifers including human and animal viruses through fecal excretion though the
former tends to reduce during the wastewater treatment (Sykes, 2003). The predominance of
these species of microorganisms depends upon the environmental conditions, process design
and mode of operation, and the characteristics of the influent wastewater. During the AS
wastewater treatment processes, the AS is mixed together with the influent wastewater and the
compressed air or oxygen is forced into the wastewater liquor by mechanical means to
develop a biological floc that transforms the dissolved organic matter into a flocculent
microbial suspension that can gravitationally settle out in the clarifier. The AS process can
treat any biodegradable organic material present in domestic wastewater as well as effluents
from pulp and paper mills, food industries, abattoirs, textile mills, edible oils, coal gasification

wastes, petrochemical wastes and oil refinery wastes.

2.3.1.1 Activated sludge performance characteristics

2.3.1.1.1 Food per microorganism ratio (F/M)

The chemical oxygen demand (COD) and biochemical oxygen demand (BOD) are used as the

surrogate parameters to measure the organic matter available for the microorganisms while the
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volatile suspended solids is used as an indication of the amount of microorganisms in the AS
(Sykes, 2003). The ratio of organic matter available to the amount of microorganisms is
known as food to microorganism’s ratio (F/M) (Sykes, 2003). This parameter is of utmost
importance and provides an indication of microorganism’s growth rate. When the F/M ratio is
high is an indication that microorganisms are developing rapidly and the opposite behaviour is

found for lower F/M ratio.

2.3.1.1.2 Formation of flocs

With time the microorganisms lose their motility, accumulate slime and agglomerate forming
flocs that can grow in size, compact and settles out. However, the mixing process prevents the
settlement of the flocs, keeping them small and thus improving the contact between the cells,
food and oxygen. The optimal conditions for the formation of flocs depend on the availability

of nutrients, oxygen, appropriate pH and temperature (Spellman, 2003; Sykes, 2003).

1. Mixing: The mixing process in the AS process is of utmost importance. In one hand it allows
well distribution of oxygen and nutrients, favouring their appropriate contact to the
microorganisms. On the other hand, inappropriate mixing results in the scission of flocs and

lead to poor settlement of the sludge (Spellman, 2003).

1i. Temperature: The biochemical reactions are temperature dependent and an increase in the
temperate favours the process to occur more efficiently. Generally, in winter more bacteria

are required for the organic matter removal compared to the summer season (Sykes, 2003).

iii. Dissolved oxygen (DO): The DO should be kept around 2 mgL" or above to provide the
microorganisms with enough oxygen for the oxidation of the organic matter from wastewater
and lead to the formation of flocculent microbial suspension (Sykes, 2003). If the DO is less
than the aforementioned value, the microorganisms on the surface of the floc exhaust the DO
before it gets into the centre of the floc and this phenomenon leads to cell death and

consequently the scission of the floc.

iv. pH: Most of the enzymes used for the biochemical reaction require neutral conditions.
Therefore, the pH should be kept within 7.0-7.5 range for the optimal microorganisms

development (Sykes, 2003).
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v.Nutrients: The microorganisms’ nutrients are comprised of carbon, nitrogen, phosphorus
including trace amounts of metals such as sodium, potassium, magnesium, and iron, among
others (Sykes, 2003). The municipal wastewater is rich in organic matter. Therefore, enough
nutrients are provided to the microorganisms. However, wastewater treatment plants that
receive lots of industrial wastewater have deficiencies in nutrients and lead to poor
microorganisms’ activity, resulting in poor organic matter removal. In general, the nutrients

presents the carbon, nitrogen and phosphorus (C:N:P) in the ratio of 100:10:1 (Sykes, 2003).

2.3.1.1.3 Oxygen uptake rate

The oxygen uptake rate (OUR) measures the respiration rate of microorganisms. High oxygen
uptake rate is an indication of high F/M ratio and young sludge while the opposite indicates

lower F/M ratio and mature sludge (Sykes, 2003).

2.3.1.14 Filamentous bacteria

The development of filamentous bacteria in the wastewater treatment plant results in the
bulking and foaming, whose formation directly affects the efficiency of the activated sludge

wastewater treatment process (Strom and Jenkins, 1984).

Appropriate amounts of filamentous bacteria are beneficial to the activated sludge processes
because the filaments allow the formation of larger and stronger flocs, removal of small
particulates and consequently reducing the turbidity of the effluents (Strom and Jenkins,
1984). Absence of filamentous bacteria can lead to turbid effluents. However, excessive
growth of filamentous bacteria causes filamentous bulking that result in poor compaction and
settlement of the sludge and may compromise the disinfection of the effluents due to high
turbidity. Filamentous bulking is nowadays one of the effluent noncompliance main cause and
in some circumstances leads to excessive sludge recycle rates (Strom and Jenkins, 1984). On
the other hand, foaming is caused by the production of bio surfactants, hydrophobicity of the
cell walls, and the particle bridging that prevents the liquid drainage and film thinning during
the activated sludge processes. Foaming compromises the quality of the effluents due to high

turbidity.
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2.3.2 Biological removal of contaminants

The flocculent nature of the activated sludge enables it with high active surface area for the
sorption and removal of toxic substances from wastewater including metals, synthetic organic
chemicals and suspended solids (Kiser et al., 2010; Sheng et al., 2008; Dobbs et al., 1989).
The biomass ability to sequester and thus remove contaminants from wastewater has been
reported elsewhere (Metcalf and Eddy, 2004). The removal mechanisms of metal and metal-
based nanomaterials in municipal wastewater treatment plants can be predicted based on the
established mechanisms for the removal of heavy metals in the same facilities. The metal ions
removal in these engineered systems is governed by adsorption and complexation with
microorganisms. The metallic ions are complexed by carbonyl groups in microbial
polysaccharides and polymers, and adsorption occurs in the negatively charged microbial
surfaces or they are absorbed by protein materials in the biological cells (Metcalf and Eddy,
2004). In addition, chemical precipitation, carbon adsorption, ion exchange, and reverse
osmosis processes are usually employed in these facilities for the removal of heavy metals
with predominance of precipitation processes employing hydroxide (OH") and sulfide (S*) and
in special occasions also carbonate (COs>). Furthermore, co-precipitation of metal ions with
phosphorus enhances their removal from the wastewater (Metcalf and Eddy, 2004). The metal
jons removal mechanisms aforementioned may apply for the removal of Zn** released from
ZnO nanoparticles in similar engineered systems and may attenuate their bioavailability while

the nanoparticles are expected to settle out with the bio-solids.

2.3.3 Applications of bio-solids and treated wastewater effluents

Wastewater treatment plants (WWTPs) play important role on the water recycling and
protection of the human health and the environment. The process operations of municipal
WWTPs are designed to provide effluents and the bio-solids with pre-determined
characteristics in accordance with their final application (e.g. reuse or disposal). In most cases,
the effluents are released back to water streams including rivers and lakes for replenishment
(Metcalf and Eddy, 2004; Spellman, 2003). In semi-arid regions, because of water shortages,
the wastewater effluents are recharged to the groundwater for replenishment or to control the
saltwater intrusion. Other applications of wastewater effluents include non-potable uses (e.g.
fire protection and toilet flushing), and potable reuse (e.g. blending in water supply reservoirs)

(Metcalf and Eddy, 2004).
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On the other hand, any application of biosolids result in their extended treatment in the
environment. When biosolids are applied in agricultural or forest land, the plants aid in the
removal of nutrients. However, this application has raised concerns because the disposal of
nanomaterials in wastewater treatment plants is already occurring and their likelihood to be
included in the bio-solids has been reported elsewhere (Brar et al., 2010; Gottschalk et al.,
2009; Kiser et al., 2009), while the adverse effects to the plants is not yet well understood. In
the disposal of bio-solids to the landfills, the soil microorganisms and sunlight aid in the
destruction of pathogens and toxic substances. During this process, certain nanomaterials may
be washed out of the matrix of biosolids through rainfall and released to the groundwater due

the nanomaterial dissolution.

24 Nanotechnology and Engineered Nanomaterial Waste

Materials with dimensions at the nanoscale (10 m of magnitude) with at least one dimension
less than 100 nm are usually denominated nanomaterials (NMs). They include nanostructured
components with one dimension at the nanoscale (e.g. nanolayers), or two dimensions on the
nanoscale (e.g. nanowires and nanotubes), and nanoparticles (e.g. quantum dots) (Farré et al.,
2011; Peralta-Videa et al., 2011). These materials occur in nature as a result of anthropogenic
sources including industrial and combustion processes, as well as a result of the emerging
technologies (Farré et al., 2011; Peralta-Videa et al., 2011). The designing and manufacturing
of nanoscale materials, products and devices with specific chemical and physical properties is
the nanotechnology denomination (Kaegi et al., 2011; Maynard et al., 2006). Nanotechnology
has emerged and expanded in the late 21* century and currently is one of the most promising
technologies with an estimated market value from 2011 to 2015 to go up to US$1 trillion per
annum (Navarro et al., 2008). Nanotechnology is widely applied in electronic, biomedical,

personal care and automotive industry.

Engineered nanomaterials (ENMs) encompass those nanoparticles synthesized and modified
in order to enhance their performance in several technological and industrialized processes
(Peralta-Videa et al., 2011). Nanomaterial composition differs according to their formulation.
Fullerenes and carbon nanotubes (CNTs) are NMs classified as carbon-based materials,
quantum dots (QD) as semiconductors, metal and metal-oxides as inorganic nanoparticles

(Musee, 2010; Peralta-Videa et al., 2011; Farré¢ et al., 2011).
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Nanomaterials can be more toxic than larger particles (bulk materials) of the same
composition because of their large specific surface area and unique catalytic properties (Liu et
al., 2011). They also differ from their bulk counterparts mainly because of the high
surface/volume ratio. For example, it has been estimated that 10 nm nanoparticles have
35-40% of the atoms localized at the surface compared with less than 20% for particles larger
than 30 nm. Therefore, the physicochemical, optical, reactivity, and electrical properties
change compared to their respective bulk counterparts. In addition, the media where
nanomaterials are present determine their behaviour, reactivity, and potential toxicity (Auffan
et al., 2008; Peralta-Videa et al., 2011).

Due to the anticipated high-volume production and widespread use, nanomaterials will
inevitably be released into the environment during their lifecycle and will potentially be
released in the sewerage as their final sinks. Therefore, environmental risk assessment of

nanomaterials merits profound understanding.

2.4.1 ZnO engineered nanoparticles (ENPs)

Zinc oxide is an inorganic compound, naturally occurring as a white powder known as
“Zincite”. In nature three crystal forms of ZnO can be found, namely wurtzite, zincblend and
rock salt with the former being the most stable at room temperature (Rupasinghe, 2011). Due
to the distinct physicochemical properties such as high band gap, high thermal conductivity,
heat capacity and melting point, ZnO is widely used in electronics and ceramics (Degen and
Kosec, 2000). However, as the particle size of a material decreases to the nanoscale, the
surface area and the number of atoms in the surface increase and thus, differences in
physicochemical properties from nanoscale materials to the bulk counterparts are observed.
Therefore, the thermal, electronic and optical properties of ZnO nanoparticles become more
prominent compared to the bulk counterpart. As a result, ZnO nanoparticles are widely applied
in various products including dye sensitized cells, cosmetics, sunscreens, paints, plastic
additives, and electronics.

Nowadays, ZnO is manufactured in different morphologies such as nanorods, nanowires,
nanoparticles and tetrapods to enhance distinct properties and applications. As nanoparticle,
ZnO is applied in sunscreens and cosmetics due to the photo-catalytic property; as nanorod
arrays are used in photoelectric systems including nanolasers, schottky diodes, biosensors and
solar cells; as thin films are used in drug delivery and medicine; and as nanotubes are used in

dye sensitized solar cells (Rupasinghe, 2011). Therefore, due to the broad spectrum of ZnO
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nanomaterials” application, their likelihood to be released to the sewerage during the lifecycle

is predictable.

2.4.2 Ecotoxicity of ZnO engineered nanoparticles (ENPs)

The unique and distinct physicochemical characteristics of nanomaterials have made
nanotechnology a multifaceted and multidisciplinary area. As a result, the introduction of a
variety of nano-products to the society was predictable (Maynard et al., 2006). Currently, it is
impossible to ignore the advances of nanotechnology in providing the society with a better
quality of life. However, it is also undeniable that nanotechnology may adversely impact the
environment including human beings. However, the available published data, though
inadequate suggests the likelihood of highly unpredictable health and environmental risks to
the society (Auffan et al.,, 2009; Baun et al., 2008; Boxall et al., 2007; Bystrzejewska-
Piotrowska et al., 2009; Maynard et al., 2006; Moore, 2006). Therefore, their manipulation has

raised concerns over the environmental fate, behaviour and toxicity.

From the available published data on ZnO nanoparticles ecotoxicity, the majority of the
studies are dedicated to the bacteria compared to other species (Ma et al., 2013). The
toxicological mechanisms of ZnO nanoparticles toward different bacteria lies on particle
dissolution with dependence to particle size, generation of reactive oxygen species (ROS) and
photo-induced toxicity under environmentally relevant UV radiation (Ma et al., 2013; Larner
et al., 2012; Li et al., 2011; Nair et al., 2009). However, the ZnO ability to generate ROS was
found to depend upon the surface functionalization. Findings on cytotoxicity and genotoxicity
of ZnO nanoparticles suggested diminished ROS viability due to surface coating with oleic

acid and poly(methacrylic acid) (Yin and Casey, 2010).

Adverse impact to human cells due to exposure to ZnO NPs has been reviewed and caution on
its manipulation advised. Qiang and co-workers (2011) reported cellular mitochondrial
dysfunction, morphological modifications and apoptosis to the human fetal lung fibroblasts
(HFL1) induced by ZnO, TiO,, SiO,, and Al,O3 nanoparticles with ZnO presenting the most
prominent toxicity. In addition, ZnO nanoparticles selectivity to kill cancerous cells compared
to normal cells was observed and dependence on the surface coating played a pivotal role on

the nanoparticle’s toxicity (Premanathan et al., 2010; Nair et al., 2009).
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The occurrence of nanomaterials in WWTPs resulted in environmental impact studies for
aquatic life due to their likelihood to be released to water systems. Therefore, the toxicity
toward crustaceans (e.g. Daphnia magna and Thamnocephalus platyurus) through exposure to
CuO and ZnO nanoparticles was investigated and found to be due to the particle dissolution
rather than the nanoparticle bioaccumulation (Wiench et al., 2009; Heinlaan et al., 2008). The
water chemistry also played a role on the toxicity to crustaceans. The presence of tannic acid
decreases the toxicity of ZnO nanoparticles more efficiently compared to humic, fulvic, and
alginic acid, because it complexes the most free Zn®" ions and thus reducing their
bioavailability (Li et al., 2011). The natural waters remarkably decreased the toxicity of
nanoCuO (but not that of nanoZnO) compared to artificial waters toward crustaceans and
depended mainly on the concentration of dissolved organic carbon (DOC) (Blinova et al.,
2010). Comparable toxicity for nanoparticulate ZnO, bulk ZnO, and ZnCl; to the freshwater
alga Pseudokirchneriella subcapitata was observed and attributed solely to the dissolved zinc

(Franklin et al., 2007).

The working force in the activated sludge wastewater treatment processes are the bacteria.
Their ability to overcome or tolerate the presence of pollutants in wastewater including
nanomaterials is of utmost importance because it may directly affect the performance of the
current conventional wastewater treatment processes. Therefore, antibacterial activity of SiO,,
TiO, and ZnO nanoparticles toward Gram-positive bacteria (e.g. Bacillus subtilis,
Streptococcus agalactiae) and Gram-negative bacteria (e.g. Escherichia coli and Pseudomonas
aeruginosa) were investigated (Premanathan et al., 2010; Nair et al., 2009; Huang et al., 2008;
Jones et al., 2007; Adams et al., 2006). The findings suggested that ZnO nanoparticles present
the highest toxicological effects and the Gram-positive bacteria were the most susceptible.
Cellular bioaccumulation of ZnO nanoparticles and bacterial cell damage was observed to E.
coli and S. aureus (Applerot et al., 2009; Huang et al., 2008). However, dosages of ZnO
nanoparticles up to 20 mgL" were found to be fatal to E. coli (Jiang et al., 2009). In addition,
the isotonic and rich nutrient media improved the tolerance of E. coli to ZnO nanoparticles (Li
et al., 2011). Particle size dependence of ZnO nanoparticles antibacterial toxicity toward
Gram negative E. coli and Gram positive S. aureus was observed (Nair et al., 2009). The

toxicity increased with reduction in particle size.

The disposal or reuse of the bio-solids raised concerns over the environmental impacts through

their likelihood of adsorbing nanomaterials during the wastewater treatment (Brar et al.,
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2010). The toxicity studies of nanoparticles to the plants and terrestrial organisms have been
initiated though scarce. Toxicity of TiO, and ZnO nanoparticles toward earthworm was
investigated and ZnO nanoparticles were found to exert the most prominent toxicological
effect to Eisenia fetida (Hu et al., 2010). Biotransformation of ZnO and CeO; nanoparticles
by terrestrial plants was also investigated. The findings suggested no adverse effect to the
soybean germination though they produced a differential effect on plant growth and element
uptake (Lopez-Moreno et al., 2010). In addition, only CeO, nanoparticles presented

genotoxicity to the soybean plants.

The findings bring to light the importance of care during the manipulation and disposal of
nanomaterials in order to prevent unintended environmental impacts, as well as the need for
studies on mechanisms and factors that increase the toxicity to enhance risk management

(Musee, 2010; Adams et al., 2006).

2.4.3 Stability of ZnO nanomaterials in the aquatic environment

Understanding the stability of ENMs in aquatic systems in terms of forming agglomerates or
aggregates that settles out and sediment or the propensity to dissolve are among the important
factors related to the fate of nanoscale materials in the aquatic environment (Bian et al., 2011).
Studies on the stability of ZnO nanoparticles with respect to aggregation or dissolution in
aqueous environments have been initiated and it was shown to directly affect their fate and
behaviour. The water properties including pH, ionic strength, natural organic matter, and type
of electrolyte coupled to the presence of complexing agents and UV radiation have an impact
on the stability of ZnO nanoparticles (Bian et al., 2011; Han et al., 2010). In addition, the
storage conditions may also affect the particle dispersity, size, phase, and surface functionality

(Bian et al., 2011) owing to nanoparticles aging (Labille et al., 2010).

Natural organic matter (NOM), the main constituent of municipal wastewater, contains
various compounds with diverse functional groups that can interact and impact the stability of
nanomaterials. Nanomaterials coated with NOM can enhance stability in aqueous environment
even at high ionic strength (Keller and Zhou, 2010). Some of the NOM constituents’ effects
on the stability of ZnO nanoparticles have been investigated and found to determine their
uptake and distribution in the aqueous environment. The humic acid, one of the most

prominent constituents of NOM, presents functional groups such as carboxylic (-<COO") and
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phenolic (-ArO") in the molecule with high complexation capacity for metal ions (Zhang et
al., 2009). The interaction with nanomaterials results in particle aggregation or disaggregation
in accordance to the pH of the media. At low pH to pHpzc, the humic acid adsorbs to the
positively charged ZnO nanoparticles” surface and lead to particle aggregation. At neutral
conditions lead to partial disaggregation and enhanced stability of nanoparticle’s suspension.
At pH greater than pHpyzc the humic acid coats the surface of ZnO nanoparticles and enhances
nanoparticle’s stability via electrostatic and steric interactions (Omar et al., 2014). Further
increase to high pH values, the molecule become opened and linear in shape, and thus
disposing the functional groups for effective interaction with ZnO nanoparticles (Zhang et al.,
2009) resulting in their dissolution (Bian et al., 2011). These findings may support in part the
aggregation of ZnO nanoparticles in the freshwater systems that are usually rich in humic acid
(Franklin et al., 2007). In addition, the presence of humic acid above its critical concentration
(e.g. >3 mgL™) can enhance the stability of ZnO nanoparticles at a given ionic strength (Bian
et al., 2011). Coupled to these findings, a decrease in the released zinc from ZnO
nanoparticles” suspensions in wastewater and deionized water with changes in the pH and
ionic strength was observed and the abiotic, bio-sorption, and biosolid settling were pointed
out as the possible removal mechanisms (Chauque et al., 2013). The naturally occurring amino
acids enhanced the stability of aqueous suspensions of ZnO nanoparticles (Molina et al., 2011)
while the presence of citric acid led to the dissolution of ZnO nanoparticles with effect being

exacerbated as the nanoparticle’s size became smaller (Mudunkotuwa et al., 2012).

The stability of particles in water can be assessed using Derjaguin — Landau — Verwey —
Overbeek (DLVO) theory. This theory accounts for two forces between the particles: van der
Waals (vdW) attraction and electrical double layer (EDL) repulsion. The sum of these two
forces determines whether the net interaction between particles is repulsive or attractive
(Zhang et al., 2008; Bian et al., 2011). The aggregation occur when the net interaction
between particles is attractive and disaggregation or stability of particles occurs when the net
interaction is repulsive. Bian and co-workers (2011) investigating the stability of ZnO NPs in
natural water and Zhang and co-workers in the tap water, both found the increase in ionic
strength to result in the compression of the EDL repulsive energy such that the net repulsive

energy barriers between ZnO NPs became negligible leading to nanoparticle’s aggregation.
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Predicting the reactivity of ZnO nanoparticles in aqueous media with hydroxide or hydrogen
ions due to its amphoteric nature based in the bulk counterpart, the following chemical

reactions can be expected (Degen and Kosec, 2000):

Zn0g) + 2HGq) = Znil,y + Hy0( 2.1
ZnOy + Hiygy = Zn(0OH){yq (2.2)
Zn0e) + OHgqy + H 0y » Zn(OH)3 (4q) (2.3)
ZnOg) + 20Hg + H00) = Zn(OH)Y (ag) (2.4)
Zn(OH) 3 sy = Zn(0H); (aq) (2.5)
Zn(OH)3 (aq) = Zn{agy + 20H (4q) (2.6)
Zn(0H); (aq) = Zn(OH)Z’aq) + OH (4¢) (2.7)
Zn(OH); (aq) + OHgy = Zn(0H);3 (4 (2.8)
Zn(0H); (qq) + 20Hgq) = Zn(OH)i_(aq) (2.9)
Zn{ggy + OHggy = Zn(0H) (g, (2.10)
Zn(OH){pq) + OH(gqy = Zn(OH)y 2.11)
Zn(0H) ;) = Zn0) + H,0q, (2.12)

The predominance of one or more of the above chemical reactions is dependent on the pH of
the media. Therefore, the reactions aforementioned coupled with the presence of multi-
dentated complexing agents in the wastewater will definitely determine the fate and
behaviour and speciation of ZnO nanoparticles in the wastewater treatment plant. In highly
acidic solutions, the dissolution of ZnO is more likely to result from direct proton attack of
the ZnO surface. At pH 6, soluble ionic forms will include Zn*" and Zn(OH)". In aqueous
solutions of pH greater than 9, the dissolution of ZnO 1is related to its hydroxide which

produces soluble species in the form of hydroxyl complexes such as Zn(OH)j (aq)
Zn(OH)i_(aq). Between pH 6 and pH 9 solid Zn(OH), precipitate out of solution (Bian et al.,

2011). Therefore, ZnO nanoparticles in wastewater might encounter change in charge
dispersion due to the interaction with polyelectrolytes and thus contribute to a completely

changed behaviour (Brar et al., 2010).
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In aqueous environment, natural organic matter (NOM) can adsorb onto the surface of
nanoparticles (Zhang et al., 2009) and suspensions of nanoparticles coated with NOM can
enhance the stability over high ionic strength (Keller and Zhou, 2010). It was observed that at
high TOC and low ionic strength, the three metal oxide (ZnO, CeO; and TiO,) nanoparticles

suspension underwent aggregation and remained stable above 300 nm (Keller et al., 2009).

2.4.4 Behavior of ZnO nanoparticles in wastewater treatment plants

Wastewater treatment plants constitute a barrier for pollutant removal before the wastewater
is replenished to the aquatic systems. On the other hand, they also represent an important
source for nanomaterial entering the water systems, soils and air through treated effluent, bio-
solids, and plant-generated aerosols (Westerhoff et al., 2011; Kiser et al., 2010; Musee, 2010;
Limbach et al., 2008). However, little is known about the removal efficiency and adverse
effects of nanomaterials in these engineered systems (e.g. WWTPs) (Westerhoff et al., 2011;
Kaega et al., 2010). Nevertheless, the disposal of ENMs to the sewage systems as their final
sinks is already occurring (Brar et al., 2010; Gottschalk et al., 2009; Kiser et al., 2009).
Westerhoff and co-workers (2011) through the determination of titanium (Ti) in the raw
sewage and treated effluents of WWTPs reported the occurrence of nanomaterials in 10 large

scale WWTPs in the United States of America (USA).

Currently, studies have been initiated in determining the potential removal mechanisms of
ENMs during wastewater treatment as well as their fate and behaviour in terms of uptake and
bioaccumulation (Limbach et al., 2008; Kiser et al., 2009; Choi et al., 2009; Brar et al.,
2010). The published data suggest chemical transformation and pollutant adsorption to the
wastewater biomass as the main removal mechanisms. Kaegi et al. (2010) have investigated
the behaviour of metallic silver nanoparticles in a pilot wastewater treatment plant fed with
municipal wastewater whereas Limbach et al. (2008) have used a model wastewater
treatment to investigate the removal of CeO, nanoparticles from synthetic wastewater. Kaegi
and co-workers (2011) suggested wastewater biomass adsorption and chemical
transformation of Ag nanoparticles to Ag,S to be responsible for the removal of 95% of the
influent Ag nanoparticles. Li and co-workers (2011) carrying out similar studies reported the
total removal of Ag nanoparticles. Furthermore, the colloidal and chemical behaviour of Ag
nanoparticles was found to largely depend on the nature of the surface coating. They

suggested that chemically inert types of surface-coatings affect the flocculation and chemical
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transformation of nanoparticles in a WWTP which can lead to different nanoparticles” release

pathways.

Despite the widespread use of ZnO nanoparticles is on rise due to their incorporation in
cosmetics, sunscreens, pigments, paints, plastics, among other applications, these materials
are being directly discharged to the sewerage systems, where their fate and behaviour is not
yet well understood. However, the antibacterial activity of ZnO nanoparticles to a wide
spectrum of bacteria including Gram-negative and Gram-positive usually found in the
activated sludge wastewater treatment has been suggested (Premanathan et al., 2010; Nair et
al., 2009; Huang et al., 2008; Jones et al., 2007; Adams et al., 2006). Therefore, the behaviour
of ZnO nanoparticles in simulated activated sludge processes could bring to light the adverse
impacts of these nanoparticles to the bacteria that could be reflected in the diminished

efficiency on the microbial removal of organic matter.

2.4.5 Impact of ZnO nanoparticles to the WWTPs and byproducts

The activated sludge activity is sometimes inhibited by the presence of toxic substances in
wastewater. However, the emergency of nanotechnology has resulted in the nanoproducts
being released to the sewerage. The presence of nanomaterials in the wastewater may lead to
unpredictable and likely unknown impacts to the bacteria. Therefore, considering that the
bacteria constitutes the driving force of the biological wastewater treatment and play a pivotal
role for the removal of organic matter, any impact to the bacteria would directly affect the
efficiency of these engineered systems. However, the published data suggest the likelihood of
nanomaterials to possess unpredictable environmental risks (Musee et. al., 2011; Auffan et
al., 2009; Baun et al., 2008; Bystrzejewska-Piotrowska et al., 2009; Boxall et al., 2007,
Maynard et al., 2006; Moore, 2006; Biswas and Wu, 2005; Brumfiel, 2003;).

Liu et al., 2011 investigated the impact of nano and bulk ZnO in addition to the Zn*" on the
endogenous respiration, BOD biodegradation, and nitrification in a pilot scale wastewater
treatment plant in order to assess the toxicity of ZnO nanoparticles to the activated sludge.
Their findings suggested adverse effects on the activated sludge activity of all forms of zinc
with prominence to Zn>" and the particle dissolution was pointed as the main mechanism of
toxicity. In addition, the long-term exposure of ZnO nanoparticles to the anaerobic digestion

of waste activated sludge resulted in the reduction of the production of methane though in a
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dose dependent fashion (Mu and Chen, 2011). Dosages up to 150 mg/g-TSS of ZnO
nanoparticles were found to induce 75.1% of methane production inhibition (Mu and Chen,

2011).

The likelihood of the activated sludge to possess nanomaterials due to the release of
nanoproducts to the sewerage is predictable and this may compromise its utilization in areas
such as agriculture. The presence of ZnO in the sludge has been reported to reduce the wheat
biomass and induce significant changes in the soil enzyme activity due to exposure to TiO,
and ZnO nanoparticles (Du et al., 2010). The soil enzyme activity constitutes a bio-indicator
of the soil quality and health. In addition, TiO, nanoparticles were retained in the soil matrix
while the ZnO nanoparticles dissolved and thus enhanced the plant uptake of Zn®.
Investigations on the toxicity of nanomaterials to the soil microorganisms are important
considering that they provide alternative route for further degradation of the activated sludge
in the environment (Metcalf and Eddy, 2004). Therefore, environmentally relevant
concentrations of ZnO and TiO, nanoparticles were used to investigate impacts to the soil
microbial biomass. The nanoparticles were found to reduce both microbial biomass and the
diversity with ZnO nanoparticles presenting the most prominent toxicological effect (Ge et

al., 2011).

On the basis of these studies, it is evident that the findings are too limited to provide a
complete understanding on the fate and behaviour of ZnO nanoparticles in WWTPs given the
wide diversity of surface-coating that enhance different toxicological activities underpinned

by its distinctive physicochemical properties that lead to its widespread use.

2.5 Nanomaterials characterization techniques

Various techniques have been used for characterization of nanomaterials. These include;
TEM, SEM/EDX, DLS, BET, CRD and diffuse reflectance spectroscopic techniques.

Description of each techniques is given in the sections that follow.
2.5.1 Transmission electron microscopy (TEM)

Transmission electron microscope is an analytical technique used for the determination of

particle size and shape. When a radiation of electron beam of uniform current density is

25



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; Reimer and Kohl,
2008). The transmitted electrons can therefore be detected directly or sorted according to
predetermined criteria and selectively detected. Usually a set of deflector coils or electrodes
are used to scan the focused probe in an X-Y raster while the detected electrons are collected
and their intensity plotted as a function of the probe position to form an image (e.g. a
fluorescent screen) (Crewe, 2008). 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 fiber-optic plate to a charge-coupled devices (CCDs) camera (Reimer
and Kohl, 2008). Since its invention in the primordial 1930s up to date, TEM has evolved
into a sophisticated characterization technique capable of atomic-resolution imaging that is

widely applied in areas such as materials science, physics, and chemistry (Spence, 1999).

2.5.2 Energy dispersive X-ray spectrometry (EDS)

Energy dispersive X-ray spectrometry (EDS) is an analytical technique that uses the X-ray
spectrum emitted by a thin specimen irradiated with a focused beam of electrons to obtain a
localized chemical analysis (Brydson, 2008). The basic principle of EDS is based on the
excitation of electrons from inner-shell to higher-energy state, causing the higher levels
electrons to release energy in order to fill the resulting vacant holes in the inner shell. As the
electrons refill the vacated lower energy levels, the excess energy is released in characteristic
frequencies corresponding to the energetic difference of the transition involved (AE), that is
used for qualitative and quantitative analysis (Brydson, 2008). The qualitative analysis
involves the identification of the lines in the spectrum whereas the quantitative analysis is
given by the measurement of the line intensities comparing with standard reference materials.
EDS is usually coupled to the transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) and covers elements with atomic number ranging from 4-90 though many

instruments are unable to determine light elements (Z < 10).

2.5.3 Dynamic light scattering analysis (DLS)

Dynamic light scattering analysis (DLS) is an analytical technique that determines the size of
particulates suspended in a liquid under the Brownian motion with light scattering (Mayinger

and Feldman, 2002). The Brownian motion occurs when particles in a suspension undergo
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thermal induced collisions with the molecules of the solvent. When diffusing particles in a
fluid are irradiated with monochromatic light such as laser, the intensity of the scattered light
at a fixed angle oscillates with size dependence of the diffusing particle. Generally, the
aleatory mobility of particulates in a suspension increases with the reduction of the particle
size and therefore, resulting in differences in the scattered light spectrum that is accounted to
determine the size of particles (Clark et al., 1970). The particle size determined by DLS is
usually given in terms of the hydrodynamic radius due to the fact that the measured particle
size is that of a sphere presenting the same translational diffusion coefficient as the particle
being measured. Hydrodynamic radius therefore depends on the particle size and surface
properties, as well as the type and concentration of ions in the suspension. The hydrodynamic

radius is calculated using the Stokes-Einstein equation (Clark et al., 1970).

= % (2.13)
Where, D is the hydrodynamic diameter, Dy is the translational diffusion coefficient, kg is the
Boltzmann’s constant, T is the temperature and 1 the dynamic viscosity. The DLS is applied
for size determination of particles and macromolecules, zeta potential and quantification of

the molecular weight of organic materials.

2.5.4 Surface area analysis with BET technique

The knowledge of surface area of powdered materials is of utmost importance in many
applications because it determines both reactivity (e.g. catalysis) and adsorptive ability (e.g.
activated carbon) of materials. Generally, as the particle size of a material reduces, the
amount of atoms in the surface of the material increases resulting in the increased interaction
of the material with the medium. Therefore, the BET surface area of ZnO nanoparticles will
provide an indication of the effective surface area of the nanopowder interacting with the
bacteria in the bioreactors in the current study. In addition, it will provide also an indication

of the degree of pulverization of the nanopowder.

The Braunner, Emmett and Teller (BET) theory is an approach universally known for
multilayer adsorption (Hammond and Conner Jr., 2013). This theory allows the determination
a specific surface area expressed in units of area per mass of the sample (m”g™") or volume

specific surface area that is the surface area in a fixed volume of particles (m°cm™). The BET
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adsorption isotherm is used to obtain the number of molecules in one monolayer, which is
directly proportional to the surface area of the adsorbate and is given by BET equation

(Hammond and Conner Jr., 2013):

P/P° 1 Cc-1 0
V(1-P/P%) ~ CVj + CVn P/P (2.14)

Where, P/P, is the relative pressure at which a gas volume V (m’ at S.T.P.) is adsorbed, P is
the pressure of the gas, and P° is the saturated vapour pressure at the temperature of the vessel
holding the adsorbent. V,, is the volume of the gas required to form a monolayer on the
adsorbent at the system temperature and C is a constant. Therefore, the plot of the left-hand
term, [P/n(P-P%)], versus P/P’ yields a straight line with slope [(C-1)n,C] and intercept
(1/n,C). The surface area, SAggt, and the value of C are therefore given in terms of the slope,

Sget, and the intercept, Iggt, by the following (Hammond and Conner Jr., 2013):

—Am__ (215), and C=1+ BT (2.16)

SBeT+ IBET IBET

SAggr =

where, A, is the area one molecule occupies on the surface. As a rule of thumb, the C should
be greater than 50 for the BET theory to give rise to a reasonable calculation of the

monolayer volume and, thus, the surface area.

2.5.5 X-ray diffraction spectroscopy (XRD)

X-ray diffraction is an analytical technique applied in the analysis of crystalline solids
including geological and electronic materials, ceramics, metals, organics, and polymers. The
materials can be powders, single crystals, multilayer thin films, sheets and fibers. X-ray
diffractometers can be classified in two groups: (i) single crystal, usually applied for the
determination of molecular structures mainly of new compounds and (ii) 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 (Formica, 1997). The basic principle of X-ray diffractometry is governed by the

Bragg’s equation:
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nA = 2d sin6 (2.17)

d v deing

Fig. 2.2: Illustration of Bragg’s law. Where n is the order of reflection (n =1,2,3,.....), A
the wavelength, d the distance between the parallel lattice planes, and 0 the angle
between the incident beam and the lattice plane, known as the Bragg angle (Formica,
1997).

In general, d-spacing is a function of the lattice parameters (A, B, C) and angles (a, B, )
defining the unit cell, and the Miller indices (h, k, 1) denoting a particular reflection (Fig. 2.2).
Therefore, the geometry of the crystal lattice determines the position of the peaks in an X-ray
diffraction pattern and the more symmetrical the material, the fewer peaks. In addition, the
radiation of typical diffractometers contain several wavelengths, denoted K, Ky and Ksg,
that are characteristic of the material producing the X-rays and as a rule, the smaller the

wavelength the more energetic and penetrating radiation (Formica, 1997).

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

When the matter is irradiated with light in the ultraviolet (UV), visible (Vis) and near infrared
(NIR) region of the electromagnetic spectrum, the electrons are promoted from the ground
state to high-energy atomic or molecular orbitals. The electronic transitions usually include
transition metal ions (d-d transitions and ligand-to-metal or metal-to-ligand charge transfer
transitions), and inorganic and organic molecules (mainly n — n* and nm — ©* transitions)
(Weckhuysen, 2004). Liquid and gaseous phase solutions are suitable for analysis but the
determination of solids would require the powders to be transparent. This is necessary in
order to reduce losses of the incident radiation through reflection and disappearance of the

transmittance that would make the analysis impractical. However, the reflected diffuse light
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can be collected and measured, giving rise to the technique known as diffuse reflectance
spectroscopy (DRS). This technique (DRS) is based on the reflection of light by a powdered
material with individual particle size in the range 0.2-3 pm (Weckhuysen, 2004). The DRS
spectrum is basically the ratio of the light scattered from a powdered sample material and the
scattered light from a reference material measured as a function of the wavelength. An ideal
reference material should not absorb the radiation and usually MgO, BaSO,4 and
polytetrafluoroethylene (PTFE) are employed. DRS is largely applied in the analysis of
building materials, metallurgy, optical materials, textiles, paper, ceramics, and mainly in the

catalysis studies of dye, printing inks, paints and pigments (Zanjanchi et al., 2006).
2.6  Wastewater characterization techniques

The characterization of wastewater is based on parameters such as Total and dissolved
organic carbon (TOC and DOC); chemical oxygen demand (COD); total suspended solids
(TSS). Each of these is discussed in the sections that follow.

2.6.1 Chemical oxygen demand (COD)

In the activated sludge processes the bacteria is responsible for the degradation of the organic
matter. The chemical oxygen demand (COD) is usually one of the parameters largely
employed to quantify the extent of organic matter removal in wastewater. Generally, the
greater the difference between the amounts of COD of influent and effluent wastewater, the
greater the removal organic matter and consequently the better the wastewater treatment
efficiency. COD is defined as the amount of a substance expressed in terms of equivalent
oxygen, necessary to oxidize the sample under controlled conditions (Eaton et al., 2005). The
dichromate ion (Cr,O,%) is usually the oxidant of choice owned by its unique chemical
properties. Any oxidizeable compound can react with dichromate ion, however in wastewater

the organic material predominates and is of the most interest.

2.6.2 Total and dissolved organic carbon (TOC and DOC)

The bacteria usually transform the dissolved organic matter into settleable flocculent material
that can be removed from the wastewater during activated sludge processes. The difference

between influent and effluent DOC is correlated to the bacterial activity in these engineered
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systems. The removal of DOC is of utmost importance because they can deplete oxygen of
receiving water streams leading to the proliferation of undesirable microorganisms. The total
carbon materials in water or wastewater are classified in two categories: inorganic carbon
(e.g. carbonate, bicarbonate and dissolved CO;) and total organic carbon (TOC) comprising
of all carbon atoms covalently bonded in the organic molecules. The portion of TOC that
passes through a 0.45 pum filter is designated dissolved organic carbon (DOC) and suspended
organic carbon to the carbon-based particulates retained in the filter (Eaton et al., 2005).
Generally, the determination of TOC and DOC consists in the transformation of the organic
material of the samples into CO, molecules that are detected and quantified. The generated
CO; can be titrated chemically, or measured directly using a nondispersive infrared analyser,
or can be reduced to methane and measured with a flame ionization detector. The organic
matter decomposition methodologies may involve (i) high temperature, catalysts, and
oxygen, or (ii) low temperatures (< 100°C) with ultraviolet radiation and chemical oxidants
(Eaton et al., 2005). However, high temperature combustion methodologies are suitable for
samples rich in suspended organic materials and refractory organic matter that would not be
efficiently decomposed by oxidants and UV radiation at lower temperatures. Conformed to
this, in the present study we monitored the DOC of wastewater samples instead of TOC due

to the utilization of low temperatures UV radiation-based instrumentation.

2.6.3 Total suspended solids (TSS)

The efficiency in the organic matter degradation and contaminants” removal in the activated
sludge processes depends upon the amount of the biomass in the aeration chamber. The total
suspended solids (TSS) is a parameter usually employed to characterize the amount of
biomass in the activated sludge and municipal WWTPs usually operate with biomass ranging
from 1000-5000 mgL™" of TSS (Metcalf and Eddy, 2002). Total solids is the material residue
left in the vessel after evaporation followed by drying in the oven at a defined temperature.
Therefore, TSS represents the fraction of total solids retained by filter of 2.0 um (or smaller)
nominal pore size after drying in the oven at 103-105°C (Eaton et al., 2005). The amount of

solids in the effluent also affects the efficiency of the disinfection process.
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2.7 Metal determination techniques

Various methods that are currently used for the analysis of metals in complex matrices
include flame atomic absorption spectrometry (FAAS), graphite furnace (or electrothermal)
atomic absorption spectrometry (GFAAS or ETAAS), inductively coupled plasma optical
emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-
MS), among others. These analytical techniques differ in the sample size requirement,
sensitivity and the capability for simultaneous multi-element analysis. Therefore, the most
suitable technique for a particular application depend upon the nature and quantity of the
samples, the expected analyte concentration range and the number of elements to be
determined including the cost of the analysis. Therefore, the ICP-OES was the analytical
technique employed for the metal analysis throughout the study and a brief description of the

technique is discussed below.

2.7.1 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

The low cost, simultaneous multi-element determination ability, high dynamic linear range,
relatively low matrix interference and sensitivity make the ICP-OES the analytical technique
of choice for the analysis of trace elements in myriad types of samples including biological
fluids, water, wastewater, soil and sludge (Martin et al., 1994). In the ICP-OES, the sample is
introduced in the liquid form, converted into aerosols and directed to the central channel of
argon gas plasma. The high temperature of the plasma (approximately 10 000 K) readily
vaporizes the aerosols, and promote the atoms and ions to excited states. As they return to the
ground state, spontaneously emit the excess energy in the form of light at a characteristic
wavelength that is used for elemental identification and quantification by means of optical
spectrometry (Hou and Jones, 2000). The amount of photons emitted is directly related to the

concentration of the sample.
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CHAPTER 3

METHODOLOGY/EXPERIMENTAL WORK

3. Preamble

This chapter outlines the experimental procedures followed in achieving the objectives
prescribed for this report. The lab-scale wastewater treatment plant construction and

performance is also described in details in this chapter.

3.1 Materials and reagents

The non-functionalized ZnO nanopowder (CAS#: 544906) was purchased from Sigma
(Gauteng, South Africa). The nitric acid (65%, Merck, South Africa), hydrochloric acid
(fuming, > 37%, Sigma-Aldrich, South Africa), hydrochloric acid solution (I molL™ (1 N)
titrisol / Amp, MERCK, South Africa), sodium hydroxide solution (1 molL™" (1 N) titrisol /
Amp, MERCK, South Africa), and sodium chloride (MERCK, South Africa) were of
analytical grade. The COD digest vials (HR 20-1500 mgL™") were sourced from Aqualytic
(Aqualytic Laboratories and Environmental, Gauteng, South Africa). The 0.45 filter
membrane (PALL, Pall Corporation) and 0.45 pm PVDF (polyvinylidene difluoride) syringe
filters were sourced from Separations (Gauteng, South Africa) and Microfiltration (Gauteng,
South Africa), respectively. The 100 mL and 10 L polyethylene bottles, the 25 L high density
polyethylene (HDPE) holding containers, the 210 L HDPE drums, and the HDPE (260 mm
diameter and 4000 ml capacity) funnels were sourced from PLASTPRO SCIENTIFIC (PTY)
LTD (Gauteng, South Africa). The 425 pm stainless steel mesh was obtained from ERIEZ
MAGNETICS (PTY) LTD (Gauteng, South Africa). The Watson — Marlow (Falmouth,
Cornwall, UK) 120S/DV and 313S pumps were used to pump wastewater and recycle the
sludge, respectively. The stirring of the holding containers and aeration chambers was
enabled using IKA RW 20 digital and IKA RW 16 basic stirrers, respectively. The

temperature of the aeration chambers was kept within 20-25°C using GP200 Immersion

thermostat (Fisher Scientific, England).
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3.2 Experimental approach

This study was carried out using published standard methods prescribed for sampling,
preservation, testing and analysis of chemicals (Boeije et al., 1999; Martin et al., 1994;

OECD 303A, 2001).

3.2.1 Wastewater collection, preservation and preliminary analysis

Raw wastewater was withdrawn from wastewater treatment plant in Johannesburg
(Johannesburg Water, Northern Wastewater Treatment Works; Gauteng, South Africa) that
collects and treats mainly domestic sewage on a weekly basis and stored in the fridge at 4°C
before use. The wastewater collection and storage followed the procedure previously used by
Akan and co-workers (2008). The following parameters were determined; pH, conductivity,
salinity, total dissolved solids (TDS), dissolved oxygen (DO), chemical oxygen demand
(COD), dissolved organic carbon (DOC), and total suspended solids (TSS) before the ZnO
ENPs were introduced into the wastewater.

Generally, unless specified, no preservatives were added to the samples prior to storage either
for the sake of keeping the bacteria alive and viable or to avoid any interference on the
biological treatment process. All the wastewater parameters were characterized following the
Standard Methods for the Examination of Water and Wastewater (Eaton et al., 2005).
Parameters such as pH, conductivity, dissolved oxygen (DO), chemical oxygen demand
(COD) and dissolved organic carbon (DOC) were analysed using pH and conductivity probe,
DO probe (Model: PHC101 and LDO, HACH), photometer (HACH, DR 3900, USA) and
fusion UV/Persulfate TOC Analyser (TELEDYNE TEKMAR, USA), respectively. The
wastewater physicochemical characteristics were continuously monitored in the influent,
aeration chamber and effluent before and after the nZnO were introduced into the simulated
wastewater treatment plant. The concentration of zinc was determined in the influent, effluent
and waste activated sludge using inductive coupled plasma-optical emission spectrometer
(ICP-OES). The filtered wastewater sample was supplemented with carbon source: D-glucose
anhydrate (2.5 g/L) and nutrients: MgSO4.H,0 (0.5 g/L) and KNO3 (0.18 g/L) as described
by Kamika & Momba (2011; 2013) and the pH was adjusted at 7 using 1.0 M HCl and 1.0 M
NaOH (Merck, South Africa). The culture media was sterilized by autoclaving at 121°C and
approximately 1 ml was plated on the sterile nutrient agar at 37°C for 24 h to confirm the

sterility of the media prior adding the test organisms for the experimental study.
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3.2.2 Procedure for preparation of nZnO suspensions

The stock suspensions of nZnO of three concentrations 5, 10 and 20 mgL™, were prepared by
adding 0.1250, 0.2500 and 0.5000 g, respectively, of ZnO nano-powder to 1 L deionized
water. Using a sonicator (Model 2000U, Ultrasonic Power Corp.), the stock suspensions were
sonicated at 20 KHz for 30 minutes to break the aggregates before each set concentration (5,
10 or 20 mgL™) was introduced into the 25 L wastewater holding container. Ice was added
into the sonicator to minimize possible nZnO dissolution due to heat generated during the
sonication process. ZnO ENPs suspension of concentration 100 mg L™ was prepared by
adding 0.100 g of nano-powder to one litre of raw domestic wastewater, and sonicated at 20
KHz for 30 minutes. Ice was introduced into the sonicator to control the temperature and
prevent the generation of heat so as to reduce particle dissolution. The ZnO ENPs suspension
was then introduced into reagent bottles of 100 mL capacity, and adjusted to appropriate pH
in the range 3-11 using sodium hydroxide or hydrochloric acid with thorough mixing and
allowed to stabilize for one week prior to analysis. The ionic strength of the wastewater-ZnO
ENPs suspension was adjusted using sodium chloride covering the range 0.01-1.0 M.
Triplicate samples were prepared to examine the effects of pH and ionic strength. After one
week of stabilization, the wastewater — ZnO suspension was filtered using 0.45 pum filter
membrane (PALL, Pall Corporation) to separate the solution from the sludge. The
supernatant was analysed for zinc using ICP-OES while the sludge in the filter paper was
analysed using XRD for the morphological nature of ZnO ENPs. EDS and TEM were used
for elemental analysis and determination of ENPs size respectively. The stability of ZnO
ENPs in de-ionized water treated in a similar manner was also investigated as a control. The
dynamic light scattering investigation was done to determine the ZnO ENPs size changes
over a period of 2-hr. This was done by filtering a suspension of ZnO ENPs (100 mg L)
prepared in both de-ionized water and in a raw domestic wastewater filtered through a 0.45

um filter membrane.

3.2.3 Nanoparticles characterization

The non-functionalized nZnO and nAg sourced from Sigma (Gauteng, South Africa) were
characterized for purity, BET surface area, particle distribution and particle size using BET,

XRD and TEM before use.
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3.24 Simulated activated sludge wastewater treatment plant set up

The simulated wastewater treatment plant was constructed following the Organization for
Economic Co-operation and Development (OECD 303A, 2001) specifications. The tests were
conducted in aerobic digesters each designed to hold 3 L of activated sludge. Each model unit
comprised of: influent holding container (25 L), a stirred and aerated tank reactor (aeration
chamber), and a clarifier (settling vessel) simulating biological treatment using an activated
sludge system. The aeration chambers (3 L) were individually continuously stirred using an
IKA RW 16 basic stirrer to ensure thorough mixing of the substrate essentially to mimic
actual WWTP operational conditions. The aeration chamber was aerated at a flow rate of 290
Lmin™ to maintain the dissolved oxygen above 2 mgL" by using compressed air through a
glass frit. In this study, two model units were used as test and control units. Both units were
fed with wastewater and deionised water spiked nZnO for the test and control units,

respectively, using Watson — Marlow (Falmouth, Cornwall, UK) 120S/DV pumps at 29 rpm.

For the test unit, the influent wastewater was spiked with nZnO (at varied concentrations: 5,
10, 20 mgL™) in 25 L containers and continuously stirred using IKA RW 20 digital stirrer at
1800 rpm to keep the ENPs well dispersed in suspension. Settling vessels of 1.5 L were used
to separate treated effluent from the waste activated sludge. As per standard practice, a
portion of the sludge from the settling vessel was re-introduced as return activated sludge
(RAS) into the aeration chamber to replenish the biomass — and maintain the total suspended
solids (TSS) in the range of 2 to 3 gL' of dry sludge. In this study, as previously done by
Musee and co-workers (2014) the aeration chamber was designed to have a hydraulic
retention time (HRT) of 6 hours, and with feed flow rate of 0.50 Lh™ using peristaltic pumps.
The experiment was operated for 77 days to establish the long-term effects of nZnO on the
removal of organic matter from WWTPs where COD and DOC were monitored continuously

as surrogate parameters as previously reported by Musee et al. (2014).

Initially, raw wastewater was filtered using 425 pum stainless steel mesh to remove big
particulates to avoid clogging of the tubing before it was pumped into the operating units.
This operation mimics the screening process of raw wastewater employed in large scale
WWTPs. The simulated WWTP was stabilized and optimized for 14 days before introducing
nZnO over 21 days for each nanoparticle concentration (5, 10 and 20 mgL™). The continuous

sampling process took place at the influent holding container, aeration chamber, settling
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vessel and waste activated sludge for the monitoring of various physicochemical parameters.
The influent and effluent samples from the aeration chamber and settling vessel, respectively,
were filtered using 0.45 um PVDF (polyvinylidene difluoride) syringe filter prior to DOC
analysis. However, only effluent samples were similarly filtered prior to COD analysis. The
fate and behaviour of nZnO in deionized water was treated in a similar manner, and served as

the control unit.

3.2.5 Design of simulated wastewater treatment plant

The abovementioned lab-scale WWTP is a well-established approach for the test of
chemicals (Boeije et al., 1999). Figure 3.1 shows a schematic representation of the lab-scale
simulated WWTP developed and used in this study. The detailed technical information
regarding the dimensions of the components used (aeration chambers and settling vessels) are
given in the appendix. Figure 3.2 is a photograph of the fabricated simulated WWTP set up,
illustrating all the components that constitute the lab-scale WWTP.

The simulated WWTP system consists of two units, a test and control units. Each unit
included an influent container, aeration chamber (bioreactor), clarifier (settling vessel) and
outlet. The test unit was fed with wastewater while the control unit was fed with deionized
water. The influent was spiked with nZnO in 25 L containers and continuously stirred at 1800
rpm using IKA RW 20 digital stirrer to keep the ENPs in suspension. The bioreactors (3 L)
were continuously stirred using IKA RW 16 basic stirrers and aerated at 290 mLmin™ using
compressed air through a glass frit to keep the dissolved oxygen above 2 mgL™". Optimization
of the bioreactor stirring speed was necessary in order to allow appropriate oxygen
distribution as well as keeping the activated sludge flocs in suspension. Recirculating water
baths equipped with thermostats were connected to the aeration chamber to maintain the
temperature of the activated sludge around 25°C. Settling vessels (1.5 L) were employed to
separate the treated effluent from the activated sludge with part of the sludge intermittently
recycled back to the bioreactor as return activated sludge (RAS) in order to keep the total
suspended solids (TSS) in the range of 2.0-3.0 gL of dry sludge and prevent washout. The
sludge retention time (SRT) was determined by dividing the sludge mass in the bioreactor by
the sludge mass wasted per day. An average of approximately 6 days SRT value was
observed. The feed flow rate was adjusted to 0.50 Lh™ using peristaltic pumps in order to
achieve a hydraulic retention time of 6 hours. The lab-scale WWTP developed in this study

was operated continuously for 77 days generating 12 L of treated effluent per day.
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Figure 3.1 Schematic representation of the simulated activated sludge wastewater
treatment plant (AS WWTP).

Figure 3.2: Image of the simulated activated sludge wastewater treatment plant
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3.2.6 Determination of ZnO ENPs dissolution

To determine the dissolution of ZnO ENPs in wastewater, first, the influent and effluent
wastewater were continuously sampled from the set up and acidified with nitric acid to pH <
2 and stored in the fridge at 4°C before analysis. Likewise, the sludge was also continuously
sampled, filtered (Whatman 41 filter paper) under a vacuum, dried in the oven at 103-105°C,
grinded with mortar and pestle and stored as a dry powder prior the analysis. The digestion

methodology employed followed the procedure suggested by Martin et al., 1994.

The extent of zinc dissolution was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES; SPECTRO ARCOS, Analytical Instruments GmbH,
Germany) by measuring the concentration of zinc in the raw wastewater at a detection limit
of 0.2 ugL™” to determine the background zinc concentration and then after adding ZnO
ENPs. The ICP-OES operating conditions were as follows: forward power 1400 W, plasma
argon flow rate of 13 L min™', auxiliary argon flow rate 2.00 L min"', and nebulizer argon
flow rate 0.95 L min™. Sample introduction was achieved using a pneumatic cross-flow
nebulizer mounted onto a Scott double-pass spray chamber. Sample solutions were pumped
to the nebulizer using a built in four channel peristaltic pump. The atomic and ionic analytical

spectral line selected for investigation was Zn 206.200 nm.

The X-Ray diffraction (XRD) (Philips, X’Pert PRO MPD, mineral powder diffraction)
analysis of the sludge was carried out and the Cua radiation beam with excitation wavelength
of 0.15406 nm used as the X-Ray source. The UV-Vis spectrophotometer (UV-2450 UV-Vis
spectrophotometer, Shimadzu, Japan) coupled with UV-Probe was used for the solid state
analysis of the sludge. Both XRD and UV-Vis patterns were used for qualitative analysis of
the sludge.

Aliquots from the test and control units were collected periodically to examine the effect of
time on the dissolution. Conversely, the concentration dependent effects of the ZnO ENPs on
the treatment of wastewater (determined as a function of DOC and COD removal) was

evaluated over time.
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3.2.7 Assessment of pure bacterial culture growth

Three wastewater bacterial species, which included Bacillus licheniformis-ATCC12759,
Brevibacillus laterosporus -ATCC64 and Pseudomonas putida-ATCC31483, dominate in
soil and surface water were purchased from Quantum Biotechnologies (Strydompark
Randburg, South Africa). Prior to use, these bacterial isolates were confirmed by culture
based-methods using selective agar media according to the Standard Methods (APHA 2001).
Briefly, one loop-full of each bacterial culture was inoculated in 100 ml sterile nutrient broth
medium and incubated aerobically in a shaking incubator (Scientific Model 353, Lasec South
Africa) at 37°C Brevibacillus and Pseudomonas and at 50°C for Bacillus (Kamika & Momba,
2011) at 120 rpm for 24 h. Thereafter, the growth of bacterial species was determined using
the nutrient agar and the spread plate method after dilution. Three to five colonies of the
isolates were diluted into 100 m1 of nutrient broth and incubated for 24 h at 37°C. For each
test isolate, 100 pL aliquot was aseptically inoculated into 100 ml sterile nutrient broth (NB),
separately. The inoculated isolates were incubated and shaken (100 rpm) overnight according
to Kamika & Momba, 2011. All treatments were set in triplicates, with bacterial growth
performance measured using optical density (OD) at a wavelength of 600 nm
(spectrophotometer). The obtained OD values were converted to CFU/ml and Cells/ml using
a factor previously determined from a calibration curve relating to the biomass of the isolates
at 37 °C. The initial OD values of the nZnO and nAg in each flask were determined and the
values were subtracted to assess the biomass growth. All the treatments were set in duplicates

and the results obtained were averaged.

3.2.8 Determination of Minimum Inhibition Concentration (MIC)

Prior to evaluate whether these commercial NMs contribute to environmental risk hazard
assessment, minimum inhibitory concentration (MIC) of test materials required to exhibits
antimicrobial activity, stock solutions of nZnO (20 g/L) and nAg (1 g/L) were prepared in
sterile deionized water and stirred vigorously. From this stock solution, aliquots of specific
volume corresponding to the final concentration ranging (0.015-20 g/L) for nZnO and
(0.015-1 g/L) for nAg were mixed with nutrient agar (NA) in order to make the working
culture media. The inoculum used for all the experiments were taken at ODgop nm = 1. A
negative control (culture media with test nanomaterials) and positive control (culture media

without NMs inoculated with bacterial isolates) were also included. The agar plates were
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incubated at 37°C and colonies were observed after 24 h of incubation. All treatments were

set in triplicates and results were averaged.

3.2.9 Killing Kinetics of nAg and nZnO in broth

To assess the killing kinetics, approximately 100 uL of each test isolates were aseptically
inoculated in a sterile 100 ml nutrient broth (NB, pH 7.4) containing nZnO (0.015 to 20 g/L)
and nAg (0.015 to 1 g/L), separately. The inoculated flasks were incubated overnight at 37°C
except for Bacillus. licheniformis at 50°C) in a shaking incubator at 100 rpm. These series of
the experiment had one positive control and one negative control. The positive control flask
contained the NB without NMs but inoculated with the specific microorganism, while the
negative control contained only the NB with NMs. Concurrently, the growth and antibacterial
rates were determined by measuring the optical density at a wavelength 600,y
(spectrophotometer) after 24 h. The OD of positive control was subtracted from the
experimental OD values of those of flasks containing NB, NMs and bacteria
(Bandyopadhyay et al., 2012). To distinguish the difference between bacteristatic and
bactericidal effects, approximately 100 ul of sample from the exposed test isolates that
exhibit little or no growth were transferred to NA plates and were incubated at 37°C
overnight. The number of colonies were counted after incubation and all treatments were set

in triplicates.

3.2.10 Bacterial susceptibility of nAg and nZnO

To examine the susceptibility of Bacillus, Brevibacillus and Pseudomonas in the presence of
nZnO and nAg, blank disks (6bmm @) were soaked in #ZnO and nAg suspensions solution
with various concentration ranging from 0.015 to 20 g/L and from 0.015 to 1 g/L,
respectively. Bacterial suspensions (ODgoo nm = 1.0) were uniformly applied on the sterile
Muller Hinton agar (MHA) plates, and thereafter the soaked disks were carefully placed on
the bacterial lawn and incubated overnight at 37°C. All treatments were set in triplicates. The
diameters to determine the zone of inhibition were measured after 24 h of incubation using a
ruler. To facilitate discussion, the measured zones of inhibition were interpreted in terms of
sensitive, moderate or tolerant. A negative control (NMs without test isolates) and positive

control (test isolates without NMs) were also included.
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3.2.11 Extraction and analysis of extracellular polymer substance (EPS)

These series of the experimental study aimed to assess the bactericidal and bacteriostatic
effects of NMs on cell membrane. The exopolysaccharide substances were extracted and
examined to check the attachment of NMs on bacterial cell membrane, which could result in
the change or disruption of their functional group. The extraction of EPS was performed
according to (Bandyopadhyay et al., 2012) with slight modifications. Briefly, all three
bacterial cells previously exposed to various concentrations of target NMs were cultivated
aerobically at 37°C agitating at 100 rpm overnight. Supernatants were collected by
centrifugation at 8000 rpm for 10 min at 4°C. Three volumes of 95% ethanol (Sigma-
Aldrich) were added to pellet to precipitate out the EPS and placed at -20°C overnight. To
recover EPS, samples were centrifuged at 10000 rpm for 10 min at 4°C. The supernatant
were discarded and pellet was then washed with 95% ethanol and air-dried the pellets at room
temperature for 72 h. The extracted EPS was determined after air-drying and analysed using
FTIR. All extractions and measurements, including positive control (bacterium without
NMs), were performed in triplicates. The FTIR spectra of dry EPS samples were collected
and encapsulated in 150 mg of KBr, then analysed at frequency range of 4000-500 cm—'
using Smart iTR connected to a component accessary with Nicolet 380 FTIR Spectrometer

(Thermo Scientific, USA).

3.2.12 Effect of pH on survival limit of single bacterial isolates exposed to nanomaterials

To check the effect of pH on the survival of bacterial isolates during their exposure to NMs,
batch experimental studies were separately conducted in 100 mL Erlenmeyer flasks
containing 80 mL of sterile modified wastewater mixed liquor media and known
concentrations of NMs. Extreme pH values (pH 2, 7, 10) were then used to evaluate the
ability of the bacterial isolates to grow in harsh environment. These series of the experiment
also included one positive control and one negative control. The positive control flask
contained the mixed liquor without NMs but inoculated with the specific microorganism,
while the negative control contained only the mixed liquor with NMs. The flasks were
inoculated with known concentration of cells (which were equal to 1.0 ODggonm). All the
inoculated flasks as well as the controls were incubated at 37 +2°C for 5 days and daily
aliquots were taken and biomass growth perfomance were measured using OD ¢oonm- The

obtained OD values were converted to CFU/ml using a factor previously determined from a
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calibration curve relating to the biomass of the isolates at 37 °C. The initial OD values of the
nZnO and nAg in each flask were determined and the values were subtracted to assess the
biomass growth in all pH values. All the treatments were sets in duplicates and the results
obtained were averaged. During the experimental study, the COD removal efficiency of the
test organisms was also determined when they were exposed to nZnO and nAg and a formula

used by previous investigators (Kamika and Momba, 2011) was applied:

mgin final volume x 1000

mg = COD/L - Sample volume (3-1)

3.2.13 Comparing survival limit of consortium isolates (bacteria/protozoa) exposed to

nanomaterials with change of pH

Batch experimental series were conducted in 100 ml Erlenmeyer flasks containing 80 ml of
modified sterile wastewater. With the exception of the controls (no NMs, no biomass), the
flasks were separately inoculated with known concentration of bacterial isolates and
protozoan isolates (OD goonm =1.0). All the flasks inoculated with bacterial and protozoan
isolates in the presence of known concentrations of NMs as well as the controls were
incubated at 37°C and daily aliquots were taken for 5 days. The biomass growth perfomance
was determined by subtracting the initial OD values of the nZnO and nAg in each flask from
the OD obtained from the average biomass growth in the flasks over 5 incubation days. All

the treatments were sets in duplicates and the results obtained were averaged.
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CHAPTER 4

STABILITY STUDIES OF COMMERCIAL ZnO ENGINEERED NANOPARTICLES
IN DOMESTIC WASTEWATER

Preamble

The first in the series of experimental work carried out in the fulfilment of this research
project was reported here. This constitutes a laboratory study on various physicochemical
properties (such as DO, BOD, COD, TSS, etc.) of the wastewater sample and most
significantly, the assessment of chemical stability (under the influence of pH, ionic strength)
of the commercially available ZnO nanoparticles, engineered and used for the laboratory
scale treatment of domestics wastewater. Detailed instrumental analyses were carried out in

reaching objective conclusions.

4.1 Results and Discussion

Organic matter in wastewater is highly heterogeneous and varies significantly due to
difference in living traits (Huang et al., 2010). Therefore, in this study, several wastewater
parameters were determined before the ENPs were introduced, and this is summarized in

Table 4.1.

Table 4.1: Characteristics of raw domestic wastewater used in the stability study.

Parameter Units Value
pH - 7.24
Conductivity uS/cm 775
Salinity Psu 0.38
Total dissolved solids (TDS) rngL'1 387
Dissolved oxygen (DO) mgL™" 3.93
Chemical oxygen demand (COD) mgL™ 723
Dissolved organic carbon (DOC) mgL"' C 31
Total suspended solids (TSS) mgL! 620
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4.1.1 Stability of ZnO ENPs in wastewater- effect of pH and ionic strength

It has been reported that the amount of dissolved zinc (Zn*") from ZnO ENPs suspensions in
nanopure water both in the presence and absence of citric acid reaches a steady state within 6
h (Mudunkotuwa et al., 2012). In this regard, ZnO ENPs suspended in raw domestic
wastewater were allowed to stabilize for one week to allow possible reactions and/or
interaction with the biomass naturally present in wastewater to occur and reach a steady state
prior to analysis for zinc.

The stability of ZnO ENPs in wastewater is critical as it aids to advance our collective
understanding on their dissolution, persistence, fate, and eventually their potential toxicity to
biological life forms. Han et al. (2010) has reported that the dissolution of bulk ZnO in an
aqueous solution decreases with increasing pH — and followed a direct interaction between
bulk ZnO, hydrogen, and hydroxyl ions in solution. In our study, the dissolution behaviour of
ZnO ENPs in wastewater appears to follow similar solution chemistry as described by Han et
al. (2010). Furthermore, our results suggest that significant ZnO dissolution occurs under
acidic regime as compared to alkaline conditions in both wastewater and deionized water
(Figure 4.1). From our findings, zinc concentrations of 45.6 mg/L and 56.2 mg/L,
respectively, were observed in wastewater and de-ionized water (no biomass) under acidic
pH conditions (Figure 4.1). The measured zinc under acidic conditions were likely to have

resulted from sparingly soluble ZnO ENPs.

—a— Released Zn-NPs spiked wastewater

70 | =—e—Released Zn-NPs spiked deionized
4 water

Zn concentration (mg/L)

Figure 4.1: pH dependence of zinc release from ZnO ENPs (100 mg L' suspension) in
raw domestic wastewater and de-ionized water.
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Generally, as the pH of the wastewater increased, a rapid decrease in the total amount of
measured zinc in the pH range 5.0-7.0 was observed, and a plateau was formed at pH value
above 7.0 for both wastewater and de-ionised water. The rapid decrease in the measured zinc
as pH increases is ascribed to the removal of soluble forms; (Zn*" and Zn(OH)") from

deionised water.

On the other hand, removal of soluble forms; (Zn*" and Zn(OH)") both abiotic and bio-
sorption/bio-solid settling mechanisms is expected to occur at wastewater pH. The difference
in zinc removal between wastewater and deionised water (no biomass) is ascribed to zinc
removal via bio-sorption and bio-solid settling mechanisms. Similar removal mechanisms

have recently been reported for TiO, in wastewater (Wang et al., 2012).

It is likely that under alkaline conditions, released zinc in wastewater is stabilized by both
insoluble hydroxide formation and natural organic matter (NOM) as an insoluble complex
while the un-dissolved ZnO ENPs sorbs onto the biomass and settles. Humic acid is
commonly found in wastewater, and characterized by functional groups such as carboxylic
(—=COO) and phenolate (—ArO") with high complexation capacity for metal ions (Zhang et al.,
2009). In this regard, humic acid molecules are opened and linear in shape because of
decrease in intra- and inter-molecular hydrogen bonds that results into increased repulsive
forces between the dissociated functional groups as they complex more effectively with the
surface atoms at higher pH (Zhang et al., 2009). Thus, over the pH range 7-10, zinc was
completely removed from wastewater either by complexation, precipitation of zinc or
sorption of un-dissolved ZnO ENPs. Moreover these findings were avertedly confirmed in
that, the lowest solubility of ZnO ENPs in wastewater suspensions were observed in the pH
range 7-10, which in part justified the removal of zinc in the form of a mixture of zinc-NOM

complex, zinc hydroxide and ZnO ENPs in wastewater under alkaline conditions.

Conversely, the zinc ions in the control (deionised water) were likely to have precipitated as
Zn(OH), thus resulting to the formation of an appropriate surface for the dispersed ZnO
ENPs to sorb onto, and finally precipitated and settled. Similar precipitation of Zn(OH), was
reported by Bian et al. (2011) in the pH range of 6 and 9 in water. Based on these results, the
dissolution of ZnO ENPs in wastewater under acidic conditions was observed as slightly
lower as compared to that of de-ionised water where no biomass is present. In this regard, the

sorption of a mixture of zinc-NOM complex, zinc hydroxide and un-dissolved ZnO ENPs on
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biomass where useful bacteria colonies are located during wastewater treatment are key
aspects regarding the potential of ZnO ENPs exposure and effects.

The stability of particles in water can also be analysed using Derjaguin — Landau — Verwey —
Overbeek (DLVO) theory. The DLVO theory accounts for two forces between the particles:
van der Waals (vdW) attraction and electrical double layer (EDL) repulsion. The sum of
these two forces determines whether the net interaction between particles is repulsive or
attractive (Zhang et al., 2008; Bian et al., 2011). Bian and co-workers (2011) investigating
the stability of ZnO ENPs in aqueous media and Zhang and co-workers (2008) investigating
the stability of ZnO ENPs in the tap water, both groups found that an increase in ionic
strength resulted into the compression of the EDL repulsive energy such that the ENPs
experienced rapid aggregation. Similar phenomenon was observed in this study where
increasing ionic strength of ZnO ENPs suspension using NaCl in wastewater resulted in a
decreased release of zinc in the wastewater as aggregation of ZnO ENPs becomes dominant

(Fig. 4.2).
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Figure 4.2: Release of zinc from ZnO ENPs suspension in domestic wastewater and de-
ionized water as a function of ionic strength
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In an aqueous environment, NOM can adsorb onto the surface of ENPs (Zhang et al., 2009)
and enhance the stability of ENPs suspensions even at high ionic strength (Keller and Zhou,
2010). In this regard, it has been observed that at absolute zero ionic strength, the release of
zinc from ZnO ENPs was more significant compared with releases observed at high ionic
strength. As the ionic strength increases the net repulsive energy becomes weaker resulting in

some aggregation and decrease in release of zinc as shown in Fig. 4.2.

It has been reported by Zhang and co-workers (2008) that the ENP reported manufacturer’s
sizes are the sizes of the primary NPs, although in water they usually exist as aggregates. In
this study, ZnO ENPs of size less than 100 nm were determined using dynamic light
scattering (DLS) in both domestic wastewater and de-ionized water (control). It was observed
that ZnO ENPs in de-ionised water over a period of 2 hrs increased their average particle size
to 300 nm, almost three times the primary NP size. However, in wastewater, it was difficult
to perform a similar study because ENPs easily sorbs on biomass and this motivated for
modifications to be made. In this regard, the wastewater was first filtered prior to spiking

with ZnO ENPs to aid size determination using DLS.

The results summarized in Fig. 4.3 indicates the formation of dispersed ZnO agglomerates
and/or aggregates of significantly larger size (>5000 nm) in wastewater compared to the ZnO
ENPs size in de-ionised water (< 500 nm) in less than 1-hr before decreasing to about 1500
nm after 2-hr. This indicates the role of NOM in the stabilizing of ENPs in wastewater and
suggests that although ZnO ENPs may form agglomerates rapidly after being introduced into
the wastewater, perhaps due to the presence of electrolytes, the agglomeration effect may be
reversed over time due to high concentration of NOM in the wastewater. The NOM may

therefore cause de-agglomeration which could lead to the formation of smaller aggregates.
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Figure 4.3: Dynamic light scattering (Malvern Zetasizer NanoZS) determination of ZnO

ENPs size changes in domestic wastewater.

Although the material that passes through 0.45 pum filter membrane is considered to be
soluble, the TEM images of domestic wastewater filtered using 0.45 pm filter membrane
(Fig. 4.4a) show the presence of small and dispersed particulates defined by different shapes
with average particle size of about 50 nm. The filtered wastewater spiked with ZnO ENPs at
a concentration of 100 mg L' was subjected to TEM after 24-hr, and the results are
summarized in Fig. 4.4b. The TEM results therefore further confirms aggregation of ZnO
ENPs as observed in the DLS study, and the aggregates were stable for more than 24-hr.
Although in lower extent, aggregation phenomenon was also observed with ZnO ENPs in de-
ionized water (Fig. 4.4c). However, the average ENPs size difference between DLS (1500
nm) and TEM (200 nm) is expected considering the sensitivity differences between the two
techniques and similar differences have been noted elsewhere. The EDS analysis results are
given in Fig. 4.5, which suggest the presence of zinc in the dispersed filtrate, and the zinc

existed as ZnO as confirmed by XRD given in Fig. 4.6.
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Figure 4.5: EDX image for Zn in the ZnO spiked domestic wastewater filtrate
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Figure 4.6: X-Ray diffraction (XRD) analysis for sludge exposed to ZnO ENPs.

4.2 Conclusions

The stability of ZnO ENPs in wastewater as pH and ionic strength change were investigated
in this study. This was achieved through evaluation of release of zinc in wastewater as pH
and ionic strength change and monitoring changes in ZnO ENPs size in wastewater using
DLS and their interaction with sludge. The following conclusions were made: (i) the release
of zinc from ZnO ENPs in wastewater is more significant under acidic conditions and low
ionic strength. However, the release of zinc from ZnO ENPs in wastewater is lower compared
to deionised water indicating the role of biomass present in wastewater. Under alkaline
conditions, a large percentage of the metal-oxide ENP showed strong affinity for the sewage
sludge rather than dissolved or dispersed in the filtrate. The depositions of ENPs on sludge
suggest their removal by abiotic, bio-sorption and bio solid settling mechanisms. Therefore,
in typical wastewater treatment systems, they are therefore likely to be introduced into the
environment through the use of sludge for agricultural purposes as well as possible release as
flyash during sludge incineration. (ii) The size of ZnO ENPs was found to significantly
increase upon exposure to wastewater, an observation that suggests the sorption and

stabilization ability of NOM such as humic acid present in wastewater.
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CHAPTER 5

FATE, BEHAVIOR, AND REMOVAL OF ZnO NANOPARTICLES IN A
SIMULATED WASTEWATER TREATMENT PLANT: IMPLICATIONS OF ENPs
CONCENTRATION

Preamble

The behaviour and fate of ZnO nanoparticles in the treatment of wastewater was investigated
and reported in this chapter. After the administration of the engineered nanoparticles in the
simulated activated sludge wastewater treatment, the removal efficiency was obtained,
reported and is explained. This enabled the determination of the potential implications of
ZnO ENPs used in this simulated wastewater treatment set-up by varying the concentration

used.

5.1 Results and Discussion

5.1.1 Simulated activated sludge wastewater treatment plant (AS WWTP)

performance

The results of characterization of the raw domestic wastewater used in the simulated

treatment plant (as described in section 3.2.1) are provided in Table 5.1.

Table 5.1: Characteristics of raw domestic wastewater used in the simulated wastewater

treatment plant study

Parameter Units Value

pH - 6.98 +0.34
Conductivity uS/cm 715 £52
Salinity Psu 0.34+0.09
Total dissolved solids (TDS) mgL™" 344 £43
Dissolved oxygen (DO) mgL™! 3.55+0.38
Chemical oxygen demand (COD) mgL™"! 543 £ 158
Dissolved organic carbon (DOC) mgL"' C 19+6
Total suspended solids (TSS) mgL™"! 588+ 39
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Also, according to the analytical description provided in section 3.2.6, the XRD analysis (Fig.
5.1) of the ZnO ENPs confirmed the purity of the nanoparticles while TEM images showed
the size distribution of 10 to 130 nm (Fig. 5.2) consisting of heterogeneous mixture of rods,

cubes, regular and irregular spheres.
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Figure 5.1: XRD pattern of ZnO ENPs
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Figure 5.2: Transmission electron microscope (TEM) image of ZnO ENPs

The organic matter removal ability of the simulated AS WWTP was assessed by monitoring
both chemical oxygen demand (COD) and dissolved organic carbon (DOC) upon exposure of
ZnO ENPs to wastewater. The dissolved oxygen (DO) levels in the aeration chamber were
kept above 2 mgL™" during the experiment by continuously bubbling compressed air through
a glass frit to provide bacteria with enough oxygen. The ZnO ENPs were added to the
influent deionised water and wastewater for the control and test units, respectively, and the
nanoparticle concentration increased continuously along the experiment. The ZnO ENPs
concentration employed were as follows: 0, 5, 10 and 20 mgL™". The Figs. 5.3 and 5.4 show
the organic matter removal has reached a steady state at around 10 and 50 mgL™" of DOC and
COD, respectively, in the effluent regardless of the amount of organic matter in the
wastewater influent. The COD data (Fig. 5.4) revealed efficient organic matter removal as the
treated wastewater presented an average COD values within 60-100 mgL™ range that
correspond to the average of well operated secondary treatment in WWTPs (Sonune and
Ghate, 2004). Coupled to this, an average of 43 and 91% for DOC and COD removal
efficiencies from the influent wastewater, respectively, were observed throughout the study.

However, the values obtained for COD were in compliance to those described in the validity
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criteria for OECD 303 A, unlike the DOC values. However, in similar studies adding TiO,
nanoparticles to the synthetic wastewater showed DOC removal efficiencies of above 97%
(Gartiser et al., 2013) employing synthetic organic wastewater in a simulated treatment plant.
In addition, non-significant impact of ZnO ENPs to the organic matter removal was observed
under the conditions of the study. Similar findings were reported by Bolyard and co-workers
(2013) when exposed ZnO, TiO, and Ag nanoparticles to the landfill leachate and Gartiser et
al. (2013) when exposing TiO; nanoparticles to the synthetic wastewater. They observed no
impact to the biological processes due to the presence of coated nanoparticles. This showed
the dependence of the fate and behaviour of nanoparticles to the form in which are disposed

to the environment.

50
——Wastewater spiked ZnO ENPs (influent)
45 1 —B—Wastewater spiked ZnO ENPs (effluent)
o 40 A —#— Deionized water spiked ZnO ENPs (influent)
i) I
%’ 35 'Y = Deionized water spiked ZnO ENPs (effluent)
=
<
? 30 4 ®
S ® .
S 25 4 'S
= * 'S O
2 e
b * 'S L 4
v 'S 4 ®
A 10 4 goto Oo 0o -
a M O oo poOo 00 poaoo
3 4
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8§

a : b : [ : d

Time (days)

Figure 5.3: Dissolved organic carbon (DOC) analysis for influent and effluent in the
simulated wastewater treatment plant (test and control units) upon continuous
exposure to (a) 0 mgL'l, (b) 5 mgL'l, (¢) 10 mgL'] and (d) 20 mgL'1 of ZnO ENPs.
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Figure 5.4: Chemical oxygen demand (COD) analysis for influent and effluent in the
simulated wastewater treatment plant (test and control units) upon continuous exposure
to(a)0 mgL'l, (b)5 mgL'l, ()10 mgL'1 and (d) 20 mgL'1 of ZnO ENPs.

5.1.2 ZnO ENPs removal during the simulated AS WWTP

Our findings as given in Fig. 5.5 show that 50-150 ugL" Zn is released in the effluent upon
exposure of the 5 mgL™ ZnO ENPs to wastewater in the simulated WWTP. However, de-
ionized water spiked with a similar ZnO ENPs concentration, used as the control unit,
exhibited higher levels of about 1 mgL" Zn in the effluent as given in Fig. 5.6. The absence
of the biomass in the control aeration chamber could be responsible for such high effluent
zinc release. Therefore, zinc removal in the test unit would be attributed to other pathways
rather than abiotic factors that solely govern the control unit. In addition, the continuous
stirring process of the aeration chamber provided great surface area for the biomass to
interact with ZnO ENPs spiked to the influent wastewater. As a result, significant removal of

7ZnO from influent domestic wastewater was observed.

Figs. 5.5 and 5.6 show the levels of zinc entering and leaving the simulated AS WWTP in a
daily basis. These findings are in line with the published data on the behaviour of metal oxide

ENPs in simulated WWTPs. Kiser and co-workers (2009) reported the sorption of titanium
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from TiO, ENPs to biomass during wastewater treatment. However, 10-100 pugL™" Ti still
remained in the effluents. Limbach and co-workers (2008) observed the presence of 2-5 ppm
of cerium oxide in the effluent following exposure of 100 ppm cerium oxide ENPs into a
model wastewater treatment process. They considered nanoparticle adsorption to the biomass

the main removal mechanisms.
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Figure 5.5: Zinc release from wastewater spiked using ZnO ENPs 5 mgL'1 in a daily
basis (test unit).
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Figure 5.6: Zinc release from deionized water spiked using ZnO ENPs 5 mgL'1 ina
daily basis (control unit).

The significant difference on the released zinc levels from the effluent wastewater and
deionized water spiked using ZnO ENPs, respectively, constitutes strong evidence of the
different removal pathways taking place in the test and control units. The change in
speciation of ZnO ENPs to Zn species normally occurring in wastewater including ZnS has
been reported by Lombi and collaborators (2012) during anaerobic digestion and post-
treatment processing of sewage sludge. This finding reinforces the role of water chemistry
(i.e. organic matter, electrolytes, pH, and ionic strength) on the fate and behaviour of ENPs in
the environment. However, our findings indicated efficiency removal of ZnO ENPs from
influent wastewater during wastewater treatment in a simulated WWTP. Furthermore,
increasing the spiked levels of ZnO ENPs in the influent wastewater up to 20 mgL™"' showed a
linear increase in the released zinc in the effluent though not significant comparing to the

corresponding amount discharged in the effluent control unit as given in Fig. 5.7.
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Figure 5.7: Comparison of zinc release in the effluent for the control (deionized water)
and test (wastewater) units upon exposure to 5, 10, 20 mgL'1 ZnO ENPs during
wastewater treatment.

Sorption of ENPs to biomass during the aerobic wastewater treatment process has been
reported elsewhere (Kiser et al., 2009; Limbach et al., 2008). Based on the high Zn levels
detected in the sludge as given in Fig. 5.5, suggesting strong affinity of ZnO ENPs for the
sludge, the nature of the ENPs on the sludge surface was further characterized by XRD.
However, XRD patterns could not confirm the presence of ZnO ENPs in the sludge exposed
to wastewater spiked using 5 mgL' ZnO ENPs. Nevertheless, increasing ZnO ENPs
concentration in the influent wastewater to 10 mgL™, the presence of ZnO in the sludge was
detected despite the relatively low signal peak intensities. Further increase of the spiked ZnO
ENPs concentration to wastewater to 20 mgL™" resulted in slightly increased peak intensities
of ZnO as given in Fig. 5.8. In addition, using UV-Vis spectrophotometer coupled with UV-
Probe for solid state analysis of the sludge, we observed the absence of the excitonic
absorption peak at 368 nm, revealing the absence of ZnO nanoparticles as reported by
Sornalatha and Murugakoothan (2013). On the other hand, both pure ZnO ENPs and the
sludge exposed to influent wastewater spiked with 10 mgL"' ZnO ENPs presented the
excitonic absorption pick at 368 nm (Fig. 5.9). Overall, the findings suggest that ZnO ENPs

are removed during the simulated activated sludge wastewater treatment.
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Figure 5.8: X-Ray diffraction (XRD) analysis of the sludge following wastewater
influent exposure to a) 0 mgL'l, b) 5 mgL'l, ¢) 10 mgL'1 and d) 20 mgL'1 of ZnO ENPs.
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Figure 5.9: UV-Vis absorbance spectra of the sludge exposed to (a) 5 mgL'1 ZnO ENPs
and (b) 10 mgL'1 ZnO ENPs; compared to the spectrum of (¢) ZnO ENPs.

5.1.3 Possible mechanisms of ZnO ENPs removal during simulated wastewater

treatment process

The difference on the released zinc levels in the influent and effluent for both control and test
units (Figs. 5.3 and 5.4) revealed the removal of ZnO ENPs during wastewater treatment.
However, the extent of the zinc released from the two units suggested different removal
mechanisms. The control unit, devoid of activated sludge, the nanoparticles removal
mechanism was governed solely by abiotic (e.g. pH) factors. On the other hand, the high
nanoparticle removal in the test unit could not be assigned merely to abiotic factors provided
the presence of the activated sludge. The activated sludge provides great surface area for

contaminants adsorption while the organic matter may enhance their stability. Keller and co-
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workers, (2010) have reported enhanced stability of metal-oxides such as ZnO, TiO, and
CeO, ENPs with organic matter adsorption to particle surface providing a barrier to
aggregation. In addition, the presence of organic matter in freshwater was also found to
enhance ENPs stability by allowing their coating and diffusion (Peralta-videa et al., 2011).
Furthermore, the stability of ZnO ENPs was found to directly depend on the pH and ionic
strength of wastewater (Chauque et al., 2013). The environmental concentration of humic
acid was also reported to stabilize ZnO ENPs even at high concentrations (Omar et al., 2014).
Therefore, considering the pH range of the activated sludge observed (7.00 = 0.50) for the
current work, stabilization of ZnO ENPs enhanced by organic matter would be expected.
Since WWTPs operate with biomass ranging from 1000-5000 mgL™" of TSS (Metcalf and
Eddy, 2002), in our study, the biomass was kept within 2000-3000 mgL™" range with the
sludge retention time (SRT) of 6 days in average. The average crystallite size, L, of ZnO in
the sludge was determined using the Scherer’s equation given as follows (Monshi et al.,

2012):

kA
L= B eosd (5.1)

where D is the diameter of the particle, K is the geometric factor taken to be 0.9, A is the X-
ray wavelength (0.15406 nm), 0 is the diffraction angle and B is the full width at half
maximum of the diffraction main peak at 20. The average ZnO particle size in the sludge
exposed to wastewater influent contaminated with ZnO ENPs at 10 and 20 mgL™" during the
wastewater treatment was 29.22 + 2.47 nm. The ZnO size distribution in the sludge showed
that the adsorption of nanoparticles to the activated sludge was preponderant removal
mechanisms compared to aggregation. Kiser and co-workers, (2010), have reported ENPs
removal to be dependent on the amount of heterotrophic wastewater biomass to which the
ENPs are exposed. Considering that the amount of the biomass reported elsewhere quite
compares to the biomass levels in our study, we would expect significant biosorption and
biosolid settling of the ZnO ENPs during wastewater treatment, and this is significantly
affected by ENPs concentration. This is supported by high levels of zinc released from sludge
(3 000 mg/Kg) also confirmed by the presence of ZnO in the sludge (Figs. 5.8 and 5.9).
Therefore, the ZnO ENPs removal during simulated AS WWTP process can be considered to
be of a complex nature though involving physi-sorption, chemisorption and/or intracellular

microorganism metabolism and these are subject to future investigations.
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5.2 Conclusions

Under the conditions of the study, which are closely related to the real WWTPs, the
consortium of bacteria collected from a well operated WWTP and employed in the aeration
chamber were able to remove the organic matter in the wastewater added ZnO ENPs. We
observed that both COD and DOC were not significantly affected by changes in ENPs
concentration, a phenomenon suggesting adaptation ability of microorganisms responsible for
organic matter degradation during wastewater treatment upon long term exposure to ENPs.
However, our findings on the potential release of zinc in the wastewater effluent as ENPs
concentration changes indicate that, although the Zn levels were low, the potential release
increased with ENP concentration, with a larger fraction of the ENPs associated with the
sludge. This implies that the sludge treatment process would require additional steps to
remove the elevated concentrations of metals, particularly in the South Africa context where
more than 90% of the sludge from WWTPs is utilized for agriculture. In addition, the
removal mechanisms of ZnO ENPs during wastewater treatment remain complex in nature,
although abiotic, bio-sorption, and bio-solid settling mechanisms have been proposed.
Furthermore, using wastewater and de-ionized water as test and control media, has allowed
the understanding of ENPs removal induced by abiotic factors compared to the removal

induced by the presence of the biomass.
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CHAPTER 6
EXPOSURE EXPERIMENTS OF ENMs TO MICROBIAL ORGANISMS UNDER
CONTROLLED WWTPs CONDITIONS
6.0 Preamble

The assessment of factors that govern bacterial growth in the wastewater sample was
initially carried out. This was followed by the measurement of the minimum inhibition
concentration (MIC) of the nanomaterials (NMs) on selected microbes (such a protozoa and
bacteria) commonly found in typical wastewaters. Bacterial susceptibility to NMs of Ag and
Zn was also investigated by the extraction and analysis of the bacterial extracellular polymer
substrate (EPS). The survival limit of the microorganisms after exposure to different pH

conditions was also determined.

6.1 Introduction

The extensive production, manufacturing and application of metal and metal oxides
commercial nanomaterials (NMs) has remarkably increased over the past years. This is due to
their unique surface -to- volume ratio, size/quantum effect and increased atoms at the grains
boundaries, making them different from the bulk material counterparts (Heinlaan et al., 2008;
Akbari et al., 2011; Premanathan et al., 2011). Of all the commercial NMs, zinc oxide
(nZnO) and silver (nAg) have been among the most produced NMs, due to their
physicochemical properties indicating different spectrums activities and morphologies. It has
been reported that nZnO have unique ceramic texture, photocatalytic capacity, piezoelectric
properties used as additives (to functionalize as semiconductor), and photo-oxidizing ability
against chemical and biological species (Adams et al,. 2006; Ju-Nam and Lead 2008;
Padmavathy and Vijayaghavan, 2008; Aruoja et al., 2009; Premanathan et al,. 2011). On the
other hand, silver nanomaterials have found usage in medical devices for over 2 000 years,
leading to a widespread attraction, exploitation and application in the medical field as a
bactericidal and as a therapeutic agent and food preservation (Prabhu and Poulose 2012). This
is owing to their high optical, thermal conductivity and electric properties, which lead to
major applications use as catalysts, optical sensors of zeptomole (10—21) concentration in
textile engineering, electronics and optics (Choi et al., 2008a; Ju-Nam and Lead 2008;
Bystrzejewska-Piotrowska et al., 2009; Rai et al., 2009; Thwala et al., 2013).
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Through their lifecycles, nZnO and nAg are likely to enter natural water bodies channelled
via wastewater treatment plants (WWTPs) (Aruoja et al., 2009). Thereafter, leading to
environmental risks associated to possible detrimental implication on microbial driven
processes and public health concern (Neal 2008; Tso et al,. 2010; Baalousha et al,. 2013; Li et
al., 2013; Beddow et al., 2014; Musee et al., 2014). It has been reported that municipal
wastewater treatment plants (WWTPs) are the main sources of pollutants as they transport
contaminated effluent into water surface, landfills and soils (Kiser et al., 2010). Biological
treatment of wastewater involves confining naturally occurring bacteria at very much higher
concentrations in tanks. These bacteria, together with some protozoa and other microbes, are
collectively referred to as activated sludge. During the treatment, the bacteria remove small
organic carbon molecules by degrading them and as a result the bacteria grow and the
wastewater is cleansed. It has been reported that the control of the treatment process can be
affected by the changes in the composition of the bacterial flora of the treatment tanks, and
the changes in the sewage passing into the plant (Davies 2005). High concentrations of toxic
chemicals can produce a toxic shock that kills the bacteria. This can result in inefficient
performance of the wastewater treatment systems to produce effluents of the required

standards.

Currently, majority of investigations have been focused on human health implications of
NMs; very few efforts consider the environmental implications of NMs, including the fate,
transport, and toxicity, to promote sustainable use of these novel materials (Ju-Nam and
Lead, 2008). Furthermore, there is still a knowledge gap on the actual uptake mechanism,
induce effect, transport in biological compartments and toxicity modes of action in particle
specific (Ju-Nam and Lead 2008; Baker et al., 2013). Even if the exact antibacterial mode of
action is yet to be discovered for nZnO, the catalytic oxidation in silver promoted by metallic
silver reacting with monovalent silver ions are likely to contribute to toxicity (Ju-Nam and
Lead 2008). To date, antimicrobial research studies of nZnO and nAg have vastly increased
towards microbial species and freshwater organism, including duckweed, nematodes
(Caenorhabditis elegans), waterflea (Daphnia magna), zebra fish, and pond snails (Lymnaea
stagnalis) (Adams et al., 2006; Heinlaan et al., 2008; Aruoja et al., 2009; Azam et al., 2012;
Baker et al., 2013). It has been pointed out that it is the rate of exposure and effect of
nanomaterials on bacterial strains that varies due to different cell physiological characteristics
and metabolism (Adams et al., 2006). In addition, the bioavailability and toxicity of NMs

towards bacteria may alter the normal ecological process, functions and productivities (Neal
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2008). Thus, bacterial cells actively produce extracellular polymeric substances (EPS), which
are polysaccharides rich in organic matter. These polymeric substances are known as a
protective barrier for cell wall during exchange processes and in contact with environment
(Kiser et al., 2010) and may stabilise NMs, due to their ability to produce soluble biomass
associated products (Laspidou and Rittmann 2002).

A number of studies have depicted that NMs are able to (i) adhere to a cell, block essential
pores and membrane functions; (ii) enter the cell by endocytosis via pores, degrades the
lipopolysaccharide molecules and accumulate inside cells (Li et al., 2008; Liang et al., 2010;
Musee et al., 2011; Baker et al., 2013), facilitate reactive oxygen species (ROS) production
by redox reaction with oxygen, damage deoxyribonucleic acid (DNA), resulting in the loss of
cell replication ability (Neal 2008; Padmavathy and Vijayaraghavan, 2008; Liang et al., 2010;
Musee et al., 2011; Baker et al., 2013). Regardless of the belief that nZnO are non-toxic,
biosafe and biocompatible, toxicological activities reports have shown nZnO to cause
damages on the cell membrane due to oxidative stress (Huang et al., 2008). In addition,
experimental studies showed near complete inhibition of B. Subtilis due to nZnO and that in
the presence of both light and in darkness, while E. coli has been found less susceptible to
nZnO in dark conditions (Adams et al., 2006; Dasiri et al., 2013). This is owing to novel
physicochemical properties of NMs; among such is the size scale that is relative to that of
bacteria and recalcitrant environmental pollutants (Choi and Hu 2008; Choi et al., 2008b).
This study focused on the assessment of factors that govern bacterial growth in the
wastewater system. The measurements of the minimum inhibition concentration (MIC) of
the nanomaterials (NMs) on selected microbes (such a protozoa and bacteria) commonly
found in typical wastewaters have been conducted. Bacterial susceptibility to NMs of Ag
and Zn was also investigated by the extraction and analysis of the bacterial extracellular
polymer substrate (EPS). The survival limit of the microorganisms after exposure to

different pH conditions was also determined.

6.2. Results

6.2.1. Characterization of the dry powdered phase of nanomaterials

The micrographs analysis of HRTEM and SEM images revealed the regular and irregular
poly- dispersity shapes of nZnO and spherical and diagonal shapes nAg (Figure 6.1). These
results were in agreement with the BET results that confirms the wide size distribution of

nZnO as shown in Figure. 6.1 A and B. Furthermore, nAg images obtained from HRTEM
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and SEM micrographs showed narrow size distribution. Moreover, the images revealed the

aggregation/agglomeration formation with both nZnO and nAg present in both HRTEM and
SEM (Figure 1).

Figure 6.1: Images of the obtained from HRTEM and SEM for nZnO (A & C) and nAg
(B & D).

The surface area analysis using Brauner-Emmett-Teller technique as shown in Table 6.1
indicated wide particle size distribution of #ZnO that were ranging from 10 -100 nm. The
total particle surface area of nZnO was found to be 15.88 m’g™!, with pore volume of 0.04
cm’ g, It was also revealed that nAg demonstrated a narrow distribution of 30 to 50 nm in

size with pore volume that is less compared to nZnO of 0.03 cm® g and particle surface of
498 m*g’
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Table 6.1: BET results demonstrating the surface area of nZnO and nAg

Sample BETsy (m’g- Point Surface (m’g- Particle size (nm) Pore Volume (cm’g
D) D) D)

nZnO 15.88 15.42 10-100 0.04

nAg 5.37 4.98 30-50 0.03

The analysis of diffractions peaks patterns and inter-planar spacing obtained can be indexed
as nZnO confirming the wurtzite crystal structure (002) under the particular configuration,
which matches with Bragg angle reflections (Figure. 2A). The XRD patterns of n ZnO are
illustrated in Fig. 6.2 indicating the peaks indexed to be the zincite phase of ZnO. The
micrographs further reveal that there were no impurity were observed, therefore, suggesting
that high-purity ZnO were obtained. These micrographs analysis obtained at 2 Theta (O)
values at 31, 34, 36, 49 and 49 correspond to [100], [002], [101], [102] and [110] planes of
Zn, respectively indicated the crystallinity structure of the particles. It is further evident that
the peaks identified belonged to high purity of hexagon crystal systems. The diffractograms
of nAg indicated the peaks that corresponded to the presence of crystalline reflecting face-
centered cubic [111] (Figure. 6.2B). The exact nature of the nAg can be constructed from the
X-ray diffraction spectrum carried out to confirm the crystalline nature of the particles as
shown in Fig. 6.3. The micrographs patterns obtained revealed intense peaks in the spectrum
of 20 values ranging from 35 to 80. The XRD peaks were obtained at 2 Theta (O) values at
39, 44, 64 and 77 correspond to [111], [200], [220] and [311] planes of Ag, respectively.
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Figure 6.2: Diffraction peaks obtained from XRD (A) nZnO and (B) nAg
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Fourier transforms infrared spectroscopy (FT-IR) absorption spectra of the nZnO, in Figure.
6.3A revealed the presence of several vibration bands that were observed at 500, 600, 700,
850, 990, 1000, and 1050 cm™' and could be attributed to C=0 and C=N and C=C groups;
and between 1490 -1600 cm™ due to vibration bands of C-C stretch. Spectrometer graphs
measurements were carried out to identify the functional groups present on the nAg particles
in Figure. 6.3B and this revealed bands s at 3000-2500 cm ' that are assigned to the
stretching vibrations of amines, respectively corresponding to the bending vibrations of a
weak double bond at the wavelength of 1600 cm™. There were also single bonds of -C=0 H-
C-H, -C-O, and -C-N stretching seen at 900 and 1500 cm ™', respectively which confirms
Amide I regions. Moreover, there was minor visible vibration peak at 2400 cm™ which is the

representative of O=C=0.
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Figure 6.3: XRD micrographs and FT-IR spectra of ZnO nanopowders
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6.2.2 Wastewater profile

The domestic wastewater samples collected from Daspoort WWTP were screened in terms of
DO, COD, pH and other chemical contents (Table 6.2). The wastewater samples appeared to
contain several chemical elements such as Ca, Mg and K which were found to be at a
concentration of 23.07-23.52 mg/L, 11.59-11.60 mg/L and 6.96-7.02 mg/L, respectively.
However, Zinc (0.48 mg/L) and silver (0.01 mg/L) as the targeted metals were present in the
samples at a concentration below 0.5 mg/L. Other physicochemical parameters such as COD,
DO and pH were also found at concentrations ranging between 110 and 143 mg/L, 7.29 mg/L
and 7.79 mg/L, and 7.62 pH Units and 8.04 pH Units, respectively.

Table 6.2: Profile of the domestic wastewater sample

First sampling period Second sampling period

Hg (mg/L) 0.78 0.70
Mg (mg/L) 11.59 11.60
Pb (mg/L) 0.09 0.09
K (mg/L) 6.96 7.02
Ca (mg/L) 23.07 23.52
Zn (mg/L) 0.48 0.48
Fe(mg/L) 0.16 0.16
As (mg/L) 0.06 0.06
Ag (mg/L) 0.01 0.01
COD (mg/L) 0.110 0.143
DO (mg/L) 7.29 7.72
pH 8.04 7.62

6.2.3. Growth performance of pure bacterial isolates

This section discusses the bacterial growth curve in media without nanomaterials; bacterial
performance in broth after 24 h of exposure to NMs; minimum inhibition concentration of
bacterial isolates in the presence of NMs cultured on nutrient agar (NA); Kirby-Bauer disk

diffusion study; bactericidal and bacteriostatic effects of NMs on cell membrane.
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6.2.3.1. Bacterial growth curve in media without nanomaterials

Growth curves of Bacillus , Brevibacillus and Pseudomonas were evaluted in culturing
nutrient media (NB) without NMs as shown in figure 6.4 A. In general, bacterial isolates
showed a rapid growth in pH 7.1+£0.2 (NB) reaching the exponential growth within the 24 h
of incubation. This was evident that the selected bacterial isolates can survive in the media

for 5 incubation days at 37°C before they decline to lower biomass concentration.
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Figure 6.4: Growth curve of Bacillus, Brevibacillus and Pseudomonas obtained in NB
(pH 7.1£0.2) over 5 days incubation at 37°C

6.2.3.2. Bacterial performance in broth after 24 h of exposure to NMs

Figures 6.4B and C illustrate the growth responses of bacterial isolates in culture media (NB)
containing various concentrations of #Zn0O (0.015-20 g/L) and nAg (0.015-1 g/L), separately.
In general, the growth of Bacillus, Brevibacillus and Pseudomonas over 24 h incubation were
observed to reduce in cell number in presence of nZnO (Figure. 4B). Noticeably, the growth
of Bacillus, Brevibacillus and Pseudomonas were reduced to approximately 70% at
concentration of 0.105 g nZnO /L. The increasing concentration of #ZnO to demonstrated a
complete inhibition activity towards Pseudomonas at 0.65 g/L, and only 70% cell reduction
of Bacillus and Brevibacillus at the same nZnO concentration. A 100% growth inhibition was
recorded for the all isolates when there were in the presence of 1 g/l nZnO. Therefore, these

results indicated the MIC value in NB was obtained at 1 g/L for all bacterial isolates.
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As shown in Figure 6.4C, Bacillus, Brevibacillus and Pseudomonas appeared to be more
susceptible in the presence of nAg. Bacterial growth were induced 100% recorded at 0.06

g/L, 0.06 g/L and 0.65 g/L for Bacillus, Brevibacillus and Pseudomonas.
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Figure 6.5: Minimum inhibition concentration of Bacillus, Brevibacillus and
Pseudomonas obtained after 24 h incubation in NB (pH 7.1+0.2) (B) in the presence of

increasing concentration of nZnO and (C) in the presence of increasing concentration of
nAg

6.2.3.3. Minimum inhibition concentration of bacterial isolates in the presence of NMs
cultured on nutrient agar (NA)

An exposure of Bacillus, Brevibacillus and Pseudomonas in the presence of nZnO over 24 h
resulted in a complete bacterial inhibition growth as shown in Figure 6.5(A, C & E). As
nZnO concentration increased, the growth of bacterial isolates was inhibited. These results

demonstrated bacteriostastic effect of nZnO obtained at MIC values of 1 g/L, 20 g/L and 20
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g/L, for Bacillus, Brevibacillus and Pseudomonas, respectively. In comparison to nZnQO, the
average MIC values of nAg for Pseudomonas was obtained at 0.06 g/L, while Bacillus and

Brevibacillus were both completely inhibited at 0.65 g/L nAg (Figure 6.5 B, D & F) .

Bacillus Pseudomonas Brevibacillus

Figure 6.6: Minimum inhibition concentration of silver and zinc oxide NMs towards
single bacterial isolates incubated over 24 h in agar plates

6.2.3.4. Kirby-Bauer disk diffusion study

The qualitative antibacterial toxic effects were assessed using disk diffusion assays to
evaluate and determine susceptibility effects by measuring the zones of inhibition (Figure
6.6). The rupture of bacterial cells measured as inhibition zone indicated the bactericidal
mechanism caused by nZnO and nAg. Cell growth inhibition were measured in terms of zone
of inhibition (mm) and interpreted as sensitive, moderate and tolerant in the presence of
nZnO and nAg (Table 6.3). Overall, bacterial isolates were susceptible to both #nZnO and
nAg. The results revealed that Brevibacillus cells were more sensitive, while Bacillus and
Pseudomonas demonstrated a moderate inhibition effect to nZnO. An exposure of bacterial
isolates to nAg showed that all target bacteria were susceptible with zones of inhibition
indicating that the cells were sensitive to nAg, distinctively. However, neither of the bacterial

isolates could indicate whether they were tolerant when exposed to NMs. These results
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illustrated that nAg had exhibited bactericidal effects and »ZnO exhibited bacteriostatic

effects towards bacterial isolates.

Figure 6.7: Susceptibility effect of silver and zinc oxide NMs using disk diffusion assays

to by measuring zone of inhibition

Table 6.3: The susceptibility effect of nZnO and nAg on test isolates expressed in zone

of inhibition (mm)

NMs nZnO nAg

conc. Bacillus Pseudomonas  Brevibacillus Bacillus  Pseudomonas Brevibacillus

(g/L)
0.015 1.5 1.7 2.7 0.9 0.9 0.9
0.030 1.3 1.7 3 1.3 1.5 1.5
0.045 1.2 1.4 3 1.1 1.3 0.8
0.060 1.3 0.8 2.6 1 1.1 1
0.075 1.3 1.5 2.4 1.2 1.2 0.9
0.090 1.1 1.4 3 1.2 1.1 1
0.105 1.2 1.6 6.3 1.3 1.3 1.1
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6.2.3.5. Bactericidal and bacteriostatic effects of NMs on cell membrane

To assess the bactericidal and bacteriostatic effects of NMs on cell membrane, the
exopolysaccharide substances were extracted and examined. The FTIR spectra of untreated
(Figure 6.7) and treated bacterial isolates with nZnO and nAg are shown in Figures 6.8 and
6.9, separately. The results revealed the effects of NMs on the functional group of cell
membrane elucidating their biosorption onto the membrane. Pronounced frequency at
carbohydrates (C-O-C) bond regions indicated the stretching of polysaccharides and
peptidoglycan at 1059, 1100 and 1060cm™ for Bacillus and Brevibacillus and Pseudomonas,
respectively as depicted in Figure 6.8. It was evident that exposure of Bacillus, Brevibacillus
and Pseudomonas to nZnO resulted in a significant broadening and shift of C-O-C bonds
with dose increase (Figure. 6.8). The polysaccharides of Brevibacillus shifts were noted at
frequency ranging between 900 -1200 cm™. The intensified shifts at the peaks area were
observed, broadening to 1800 cm™ for Brevibacillus and Pseudomonas shifted to 1581 cm’™
in the Amide I regions. Furthermore, Brevibacillus showed a single bond of C-H and —-OH
stretching vibration around 2900 c¢m™ and broadened with an increase of nZnO between
0.060 g/ L and 0.105 g/L. Similarly, Bacillus demonstrated the same patterns in the presence

of nZnO, except for Pseudomonas.
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Figure 6.8: The FTIR spectra of untreated bacterial isolates showing functional groups
present in the cell membrane of (A) Pseudomonas (B) Bacillus and (C) Brevibacillus
bacterial isolates cultured in NB media for 24 h.
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Figure 6.9: Micrographs of (A) Pseudomonas, (B) Bacillus and (C) Brevibacillus in the
presence of (0.015 g/L. -20 g/L.) nZnO in the NB culturing media

When the bacterial strains were exposed to nAg (Figure 6.9), Pseudomonas experienced a
drastic change on the bands peaks at the skeleton vibration that shifted to 800 cm™. The C=0
and C=N stretching also confirmed the changes in the Amide I regions with the shift to 1600
cm’'. Bacillus licheniformis remarkably experienced an important shift on the functional
groups at the highest concentration of nAg, wherein, the C-O-C bands shifted to 1200 cm’
and the Amide I and proteins peaks shifted to 1900 cm™. Even at the —OH, stretching

vibration group showed a visible intense peak.
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6.2.4. Evaluation of nZnO and nAg toxic effect towards single bacterial isolates in
modified wastewater sample with change of pH values on a batch scale experiment

This section discusses the effect of pH on survival limit of bacterial biomass of single isolates
exposed to nanomaterials; COD release/increase by single bacterial isolates exposed to
nanomaterials in modified wastewater mixed liquor at pH 7; DO uptake/removal by single

bacterial isolates exposed to nanomaterials in modified wastewater mixed liquor at pH 7.

6.2.4.1. Effect of pH on survival limit of bacterial biomass of single isolates exposed to

nanomaterials

Figure 6.10 illustrates the inhibition effect of nZnO and nAg onto bacterial isolates (Bacillus,
Brevibacillus and Pseudomonas) in modified wastewater adjusted to pH 2. Zinc oxide NMs
prevented growth of Bacillus at concentrations 0.06 g/L, whereas concentrations 0.150 and
20 g/L prevented growth of Pseudomonas and Brevibacillus, respectively. These results
demonstrate that exposure to nZnO results in bactericidal effects at concentrations of 20 g/L
for all bacterial isolates; cells were reduced with the presence of increasing nZnO
concentration in the media. The results contrary of bacterial isolates in the presence of nAg
revealed that bacterial cells was reduced and were completely absent after treatment
respectively with 0.105, 0.65 and 0.65 g/L for Bacillus, Pseudomonas and Brevibacillus.
Despite the toxicity of nZnO and nAg, it was also evident that pH also played an important
role as bacterial isolates were shown to be unable to growth in wastewater sample adjusted to
pH 2 when observing positive control (bacterial isolates inoculated in wastewater sample

with known concentration, without NMs).
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Figure 6.11: Behaviour of bacterial cells in a modified wastwater adjusted to pH 2
containing nZnQO (A) Bacillus (MIC:0.06 g/L) (C) Pseudomonas (MIC:0.150 g/L)) and

(E) Brevibacillus (MIC:20 g/L.) and nAg (B) Bacillus (MIC:0.105 g/L), (D) Pseudomonas
(MIC:0.65 g/L) and (F) Brevibacillus (MIC:0.65 g/L).
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When the modified wastewater sample was adjusted to pH 7, it was noted that the cells
resulted to higher biomass concentration obtained from positive controls as shown in Figure
6.11. However, the survival of single bacterial isolates decreased dramatically over a wide
concentration range of 0.015 to 40 g/L for nZnO and 0.015 to 2 g/L for nAg. It was noted that
Bacillus and Brevibacillus cells were inhibited completely at 0.65 g/L with 0.105 g/L resulted
to cell inhibition of Pseudomonas in the presence of nZnO. The treatment with nAg indicated
antibacterial activity towards survivals of bacterial cells resulting to 100% induced at

0.65 g/L for all isolates.
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Figure 6.12: Behaviour of bacterial cells exposed to mixed liquor adjusted to pH 7
containing nZnO (A) Bacillus (MIC:0.65 g/L) (C) Pseudomonas (MIC:0.105 g/L.) and
(E) Brevibacillus (MIC:0.65 g/L)) and nAg (B) Bacillus (MIC:0.65 g/L) , (D)
Pseudomonas (MIC:0.65 g/L.) and (F) Brevibacillus (MIC:0.65 g/L)




Further experiments were carried out by exposing the bacterial isolates to various
concentrations of nZnO and nAg over 5 incubations days at pH 10 (Figure 6.12). There was
cell reduction shown when bacterial isolates where in the presence of nZnO and nAg. In the
presence of #ZnO, minimum concentrations that inhibited the cell growth were noted at 0.65
g/L, 0.65 g/L and 20 g/L of nZnO for Bacillus, Pseudomonas and Brevibacillus isolates as
depicted in Figure 6.12 (A, C and E). It was observed that the exposure of nAg towards all
bacterial isolates resulted to reduction of cell growth and eventually to bacteriocidal (Figure
6.12 B, D and F). Taking into consideration the total nAg concentrations to complete growth

inhibition was displayed when all bacterial isolates were exposed to 0.65 g/L. nAg.
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Figure 6.13: Behaviour of bacterial cells in modified pH 10 wastewater samples
containing nZnQO (A) Bacillus (MIC:0.65 g/L) (C) Pseudomonas (MIC:0.65 g/L.) and (E)
Brevibacillus (MIC: 0.65 g/L) and nAg (B) Bacillus(MIC:0.65 g/L), (D) Pseudomonas
(MIC:0.65 g/L) and (F) Brevibacillus (MIC:0.65 g/L).
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6.2.4.2. COD release/increase by single bacterial isolates exposed to nanomaterials in
modified wastewater mixed liquor at pH 7

Table 6.4 illustrates the removal and removal of COD by Bacillus, Brevibacillus and
Pseudomonas in modified wastewater samples treated with various concentrations of #ZnO at
neutral pH 7. In general, the amount of COD removal was recorded to decrease with the
increase of nZnO and nAg concentrations in the media. Such decrease of the COD uptake
was resulted to release of COD to increase with the increase of nZnO, except at 40 g/L that
showed the drastic decrease of COD release which could be due to high toxicity of nZnO
towards Brevibacillus. The media with nZnO and inoculated with Bacillus and Brevibacillus,
separately revealed high COD release concentrations of -85% and -37% respectively at
30 g/L as compared to Pseudomonas(-28 g/L). Remarkably, Pseudomonas showed lower
COD removal of 30.15% in the media without #ZnO, and only 7.27% and 1.85% was
removed in the presence of 0.015 and 0.06 g/L respectively. There were strong evidence that
when bacterial isolates where exposed to varying concentration of nAg. The highest COD
concentration was recorded in the modified mixed liquor containing and inoculated with
Bacillus (41%). However, Pseudomonas exhibited the higher COD release in throughout the
exposure period at concentration 0.06 g/L and these increased as the concentration increase,
these isolates were only able to remove nAg at the lower concentration of 0.015 g/L nAg. It
was observed that in the presence of nAg Bacillus and Brevibacillus were removing COD,

but released COD at 1 g/L.
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Table 6.4: The removal/ release of COD in the presence of nZnO and nAg at neutral pH

7 mixed ligour

Conc. Bacillus Pseudomonas Brevibacillus Conc. Bacillus Pseudomonas Brevibacillus
(g/L) (g/L)
nZnO nAg
COD % removal/release COD % removal/release
P. 42.59 30.15 51.89 P. control 41.00 39.71 39.16
control
0.015 32.66 7.27 19.64 0.015 32.00 6.43 30.37
0.06 10.15 1.85 10.15 0.06 22.98 -2.57 24.18
0.105 8.00 -6.56 7.05 0.105 19.39 -9.66 22.98
0.65 -28.00 -6.90 -27.85 0.65 2.65 -33.07 2.24
20 -35.00 -11.31 -36.19 1 -63.81 -49.36 -83.81
30 -85.00 -28.14 -37.35 1.5 -2.24 -53.85 -4.03
40 -25.00 -13.61 -31.10 2 -2.43 -69.44 -2.43
N 0 0 0 N. 0 0 0
Control Control

6.2.4.3. DO uptake/removal by single bacterial isolates exposed to nanomaterials in
modified wastewater mixed liquor at pH 7

The DO removal by single bacterial isolates in modified pH 7 wastewater media treated with
various concentrations nZnO or nAg was evaluated. Average amount of DO removed by
Pseudomonas was +80%, in positive control as compared to Bacillus (+60%) and
Brevibacillus (= 50%) positive control. The oxygen consumption by bacterial isolates was
shown to decrease when the nZnO increased in the wastewater sample, resulting to 20% DO
removal as the concentration increased to 20 g/L, especially Pseudomonas that revealed
uptake at 40%, while Bacillus and Brevibacillus yielded 50%. Nevertheless, decreasing
behaviour was also recorded when bacterial isolates where exposed to nAg which
demonstrated lower DO uptake, compared in the presence of nZnO. Bacillus uptake of the
dissolved oxygen resulted to 10% removal in the presence of 0.105 g/Land 0.65 g/L nAg. It
was noted that the concentration between 1 g/L to 2 g/L of nAg the removal was £5% for all

the isolates.
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Figure 6.14: The average amount of DO removal by single bacterial isolates in pH 7
modified mixed liquor exposed to nZnO and nAg.

6.2.5. Evaluation of nZnO and nAg toxic effect towards consortium of protozoan and

bacterial isolates in modified wastewater sample with change of pH values

This section discusses the effect of pH on survival limit of protozoan and bacterial
consortium biomass exposed to nanomaterials; COD release/uptake by protozoan and
bacterial consortium biomass exposed to nanomaterials in modified wastewater mixed liquor
at pH 7; DO uptake/removal by protozoan and bacterial consortium biomass exposed to

nanomaterials in modified wastewater mixed liquor at pH 7.
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6.2.5.1. Effect of pH on survival limit of protozoan and bacterial consortium biomass
exposed to nanomaterials

The main objective of this part of the study was to compare the level of antimicrobial ability
of nZnO and nAg that could inhibit the growth or kill heterogeneous protozoan and bacterial
isolates in modified wastewater samples at various pH (2, 7 and 10). Bacterial consortium
consisted of Bacillus licheniformis, Brevibacillus laterosporus and Pseudomonas putida
while the protozoan consortium included Aspidisca sp, Trachelopyllum sp and Peranema sp.
Figure 6.14 represents the growth inhibition assays for both targeted microbial population in
modified wastewater on a batch scale experiment at pH 2. The results revealed high bacterial
biomass concentration growth compared to protozoan isolates in the positive controls.
However, consortium isolates (protozoan and bacterial) were seen to be reduced once they
were in the presence of increasing nZnO and nAg, reaching to similar MIC value at 20 g/L

and 0.65 g/L for nZnO and nAg, respectively.

Similarly, pH 7 resulted in higher cell growth for both protozoa and bacterial when exposed
to the positive controls (protozoan/bacterial isolates inoculated in wastewater sample with
known concentration, without NMs). Such cell activities were noted to decrease when
protozoan and bacterial isolates were exposed to increased concentration of nZnO, but 20 g/L
of nZnO demonstrated a complete inhibition for both isolates. Furthermore, similar toxicity
results were also observed when using nAg suspension in the media. Drastic cell reduction
was recorded and results suggest that MIC value were obtained at 0.65 and 0.105 g/L for

protzoan isolates and bacterial isolates, respectively.
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Figure 6.15: Comparison of toxicity effect towards protozoan isolates consortium in the
presence of (A) nZnO (MIC: 20 g/L) and (B) nAg (MIC: 0.65 g/L); bacterial isolates
consortium in the presence of (C) nZnO (MIC: 20 g/L) and (D) nAg (MIC: 0.65 g/L) in
modified wastewater mixed liquor, pH 2
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Figure 6.16: Comparison of toxicity effect towards protozoan isolates consortium in the
presence of (A) nZnO (MIC: 20 g/L) and (B) nAg (MIC: 0.65 g/L); bacterial isolates
consortium in the presence of (C) nZnO (MIC: 20 g/L) and (D) nAg (MIC: 0.105 g/L) in
modified wastewater mixed liquor adjusted to pH 7

The inoculum of protozoan and bacterial consotium isolates in pH 10 modified wastewater
samples reveal the toxic effect of nZnO and nAg towards protozoan and bacterial isolates.
Zinc oxide NM suspension toxic effects was recorded to demonstrate MIC value at 20 and
0.65 g/L for protozoan isolates and bacterial isolates respectively. Also, protozoan and

bacterial growth was impaired by incubation in 0.65 g/L of nAg.
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Figure 6.17: Comparison of toxicity effect towards protozoan isolates consortium in the
presence of (A) nZnO (MIC: 20 g/L) and (B) nAg (MIC: 0.65 g/L); bacterial isolates
consortium in the presence of (C) nZnO (MIC: 0.65 g/L) and (D) nAg (MIC: 0.65 g/L)
in modified wastewater mixed liquor adjusted to pH 10

6.2.5.2. COD release/uptake by protozoan and bacterial consortium biomass exposed to
nanomaterials in modified wastewater mixed liquor at pH 7

For protozoan isolates it was evident in Table 6.5 that the COD concentration uptake was
higher in the modified wastewater samples at neutral pH 7 containing various concentrations
of nZnO and nAg when compared to bacterial isolates. The presence of inoculated
consortium of protozoan isolates in mixed liquor media containing nZnO revealed the
average difference was 56% decrease of COD uptake concentration with 77.25% COD
removal in positive control to 20 g/L (21.23%). Whereas the media inoculated with
consortium of bacterial isolates showed nAg generating the lowest COD concentrations
uptake with average difference of 66%. As the nZnO and nAg concentration increased there

was COD released in the media, for bacterial and protozoan isolates.
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Table 6.5: The COD removal and increase of nZnO and nAg at pH 7

Conc. (g/L) Protozoan  Bacterial Conc. (g/L) Protozoan Bacterial
nZnO nAg
P. control 77.25 80.32 P. control 33.20 69.67
0.015 g/L 45.69 28.13 0.015 g/L 20.88 21.34
0.06 g/L 42.07 22.71 0.06 g/L 21.23 13.04
0.105 g/L 39.53 14.34 0.105 g/L 10.96 10.64
0.65 g/L 24.11 -12.78 0.65 g/L -1.59 8.67
20 g/LL 21.23 -8.67 1g/LL -3.99 -8.38
30 g/LL -12.21 -5.32 1.5 g/LL -6.88 -6.52
40 g/L -13.73 -2.72 2 g/LL -6.19 -3.35
N. control 0 -0.28 N. control 0 0

6.2.5.3. DO uptake/removal by protozoan and bacterial consortium biomass exposed to
nanomaterials in modified wastewater mixed liquor at pH 7

The biomass concentration of protozoan isolates demonstrated the higher consumption of
oxygen as illustrated in the positive control that showed 80% of DO removal in the modified
mixed liquor when compared to bacterial isolates. The highest DO uptake of the consortium
was observed for protozoan isolates to uptake 80% even at the presence of 0.65 g/L nZnO.
Bacterial isolates uptake of the available oxygen were shown do decrease considerably with
increase of nZnO concentration. These resulted to 30% DO removal in the presence of 0.65
g/L of nZnO. Thus, in the presence of nAg the average amount f DO removal was shown to
decrease considerable with increase of nAg, with 10% and 5% observed at concentration of 1,
1.5 and 2 g/L for protozoan and bacterial isolates, respectively. It was noted that the increase
of nZnO and nAg in the wastewater mixed liquor media resulted in the decrease of DO

removal.
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Figure 6.18: The average amount of DO removal by consortium of protozoan and
bacterial isolates in pH 7 modified mixed liquor containing #ZnO and nAg.

6.2.6. Morphological response of bacterial and protozoan isolates in the presence of
nZnO and nAg

High resolution transmission electron microscopy (HRTEM) analysis of heterogeneous
bacterial samples was used to visualize the morphological changes in bacterial cells upon
their contact with varying concentration of nZnO (0.015-40 g/L) and nAg (0.015-2 g/LL) in a
mixed liquor medium adjust to pH 7 (Fig. 6.18). The HRTEM images shows that there was
NMs-bacterial interaction on the surface of the bacterial cells (Fig. 6.18 A and B). Moreover,
this contact resulted in cell wall damage and disorganization. In parts C and D of Fig. 6.18,
EDS detector with NSS software was used to detect the chemical composition around the
bacterial isolates. Elementary mapping did confirm the presence of nZnO (Fig. 6.18C) and
nAg (Fig. 6.18D) attached to the surface of the bacterial cells. Considerably morphology
changes occurred with cellular internalization which resulted from leakage of intercellular

contents due to cell pits and these was not due to apoptosis. The detection spectrum results
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demonstrated high concentrations of nZnO (Fig. 6.18E) and nAg (Fig. 6.18F) present inside
and outside the bacterial isolate including the lipopolysaccharides released by the bacterial in

the surrounding.
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Figure 6.19: HRTEM images of bacterial isolates exposed to nZnO and nAg in pH 7
modified mixed liquor revealing cell membrane adsorbed by nZnO (A) and nAg (B) on
the bacterial isolate; the magnification image of A &B showing the elementary mapping
in (C) nZn0O and (D) nAg ; the detection of extracted spectrum demonstrating presence
of (E) nZnO and (F) nAg on the cell surface of bacterial isolates
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For protozoan isolates exposed to various concentrations of #ZnO (0.015-40 g/L) and nAg
(0.015-2 g/L) as shown in Figure 6.19, HRTEM micrographs revealed excess inhibition
activity of nZnO and nAg towards protozoan isolates by adhering and adsorbed on the cell
surface. There was cell membrane that changed and damaged by nZnO (Fig. 6.19 A) and nAg
(Fig. 6.19 B) even in the presence of aggregation state of both nZnO and nAg. The
internalization of nZnO and nAg resulted in the intercellular to be compromised and
morphology changed to an irregular and distorted form. Considerable morphology changes
and the detachment from the cell membrane were observed from protozoan isolates after
exposure to nZnO (Fig. 6.19A and C). The magnified confirmation images for the same
isolate shown in Fig. 6.19 A and B mapping elementary components (Fig. 6.19C and D)
together with extracted spectrum bends (Fig. 6.19 E and F) illustrated high concentrations of

nZnO and nAg on the protozoan surface and their surroundings.
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Figure 6.20: HRTEM images of protozoan isolates exposed to nZnO and rnAg in pH 7
modified mixed liquor revealing cell membrane adsorbed by nZnO (A) and nAg (B) on
the protozoan isolate; the magnification image of A &B showing the elementary
mapping in (C) nZnO and (D) nAg ; the detection of extracted spectrum demonstrating
presence of (E) nZnO and (F) nAg on the cell surface of protozoan isolates
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6.3 Discussion

The rapid production of commercial NMs has stimulated the greater likelihood of their
release into the environment. According to Huang et al. (2008), exposure to NMs poses
serious problems to the liver, lungs and other organs, which further cause more inflammation
compared to their larger counterparts when delivered in the same mass dose. It is important to
note that bacteria are essential receptor tools in environmental nanotoxicology due to their
ability to assist in rapid hazard identification, effective toxicological screening, and efficient
environmental risk assessment. These give an insight to toxicity impact at subcellular,
population, community, and ecosystem scales. Furthermore, bacteria are reportedly able to
affect NMs behaviours, their fate, their bioavailability and their transport in the environment
by binding to or breaking down NMs (Huang et al., 2008; Thwala et al., 2013; Musee et al.,
2014).

During the study period, prior to their exposure towards selected microbial isolates, the target
NMs were characterized using HRTEM, XRD and BET to validate their particle size, shape
and surface area. HRTEM images showed a typical formation of secondary particles and
polydispersity. The formation of secondary particles are held together by forces such as van
der Waals, capillary forces or chemical bonds (Labille and Brant 2010; Akbari et al., 2011;
Thwala et al., 2013). Results of this study indicated that the selected NMs were within the
range of 1-100 nm particles size and had no impurities components. Diffraction peaks
obtained for nZnO were found to be attributed by the inhomogeneous lattice strains and faults
in crystalline structure. Poly-crystallite peak sizes inferred were confirmed with images
obtained from HRTEM (Figure. 1). Nanopowder of nAg also demonstrated peaks that
indicated pure crystalline components reflected at (111) face-centered cubic. Both #ZnO and
nAg peaks observed during the experimental study were similarly reported to those obtained
by Thwala et al. (2013) and Musee et al. (2014), in their experimental studies. According to
Akbari et al. (2011), the atomic planes within crystalline obtained from XRD could be linked
to the images of HRTEM in Figure 1. Total surface areas of a primary particle were 15.88
and 5.37 m’g" for nZnO and nAg, respectively (Table 1). This is a confirmation that even
though there was presence of agglomaration, the particles were not bond too close and tigthly
together as the nitrogen gas can access most of the surface area of each particle (Akbari et al.,
2011). FT-IR absorption spectra of the nZnO revealed Amide I vibrations of C=0 and C=N
and C=C groups that resembles 500 to 1600 cm™ which are assigned to the symmetric and

asymmetric stretching modes; vibrations which were also observed by Esparza et al. (2011)
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and Viswanatha et al. (2012). According to Becheri et al. (2008) the peaks intensity at 3450
and 2350 cm™ could be interpreted as the presence of —OH and C=0 residues. On the other
hand, for nAg the Amide 1 were also visible represented by single bonds of C=0O H-C-H, -C-
0, and -C-N functional groups at wavelength between 900 and 1500 cm ' with a minor shift
at wavelength of 2400 cm™ representing of O=C=0 functional group. The outcomes of this
study were similar to those reported by Khan et al. (2014), however, there were minor shift

on the vibrations as compared to those obtained by Theivasanthi and Alagar (2011).

In the present study, screened wastewater samples revealed that COD (0.110 and 0.143
mg/L), Ag and Zn trace metals were within the South African permissible limits as reported
by previous investigators (Kamika and Momba, 2011b). However, the higher concentration
of DO (Table 2) obtained during the study period might be due to the presence of floc
structures found in activated sludge (Schroeder, 1997; Holder-Snyman et al., 2005). The three
bacterial species Bacillus licheniformis-ATCC12759, Brevibacillus laterosporus -ATCC64
and Pseudomonas putida-ATCC31483 were firstly assessed for their growth in a NB media
without the presence of NMs. The biomass of bacterial isolates revealed growth for two
incubation days prior cells decline. Such growth were observed by Kamika and Momba
(2011; 2013) in the nickel and vanadium free medium. Moreover, Pseudomonas isolate was
found to displace similar growth trends than Bacillus and Brevibacillus as also reported by
Kamika and Momba (2011). Furthermore, the presence of nZnO and nAg showed growth
reduction compared to those not treated with NMs in nutrient broth. Zinc oxide NMs was less
toxic, and high concentrations were required to inhibit bacterial cells in the media. Increasing
nZnO concentrations resulted in a gradual increase in toxicity with 70% growth reduction in
cells exposed to 0.650 g-nZnO/L (Figure 4C). There is sufficent evidence that nZnO
demonstrated concentration-dependent toxicity efficacies towards the bacterial isolates. The
present findings are in agreement with those reported by Jiang et al., 2009; Yamamoto 2001,
Brayner et al., 2006; Zhang et al., 2007; Padmavathy and Vijayaghavan 2008). Findings of
this study also corroborates the toxicological experimental findings reported by both Brayner
et al. (2006) and Padmavathy and Vijayaghavan (2008) who demonstrated that at lower
concentration, nZnO shows no bactericidal efficacy to E. coli after 24h incubation. Yet,
Bondarenko et al. (2013) reported the toxicity trends of #ZnO towards microorganisms were
concentration dependent, especially, bacteria with MIC value of 622 mg/L. Our results,
contrary revealed complete inhibition of cells growth indicating bacteriocidal effect in the

presence of nAg at 0.06 g/L for Bacillus and Brevibacillus and 0.65 g/L for Pseudomonas,
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respectively. Matzeke et al. (2014) found that Pseudomonas putida reacted sensitively
towards Ag, ECsq value of 0.043 ug L for AgNO; and between 0.13 and 3.41 pg L™ for the
different Ag NP. Findings by Okafor et al. (2013) revealed that Ag NPs at concentrations
between 2 and 15 ppm resulted in a bacterial growth reduction towards S. aureus, Kocuria
rhizophila, Bacillus thuringiensis, E. coli, Pseudomonas aeruginosa, and Salmonella
typhimurius. Additianally, the outcomes of the present study were also in agreement with
results by Pal et al. (2007) and Dasari and Hwang (2010) who also found that bacterial
inhibition by nAg was dependent on the concentration of this nanomaterial. Even though the
influent concetration of silver NMs into the WWTPs according to Matzeke et al. (2014) are
predicted to range between 100 ng/L nAg. It is however, recorded that effluent from
wastewater discharge higher concentration of nAg into the receiving water bodies with
concentration ranging of 38-127 ng but toxicity values range are found to range from ng
Ag/L to mg Ag/L. Hence, the use of higher concentrations of nAg used in this study as
compared to other published work (Pal et al., 2007; Dasari and Hwang 2010; Espinosa-
Cristobal et al., 2012; Okafor et al., 2013; Beddow et al., 2014).

The results obtained when bacterial isolates were exposed to varying concentrations of #ZnO
and nAg in broth and agar plates were considerably different. Agar plates demonstrated more
toxic effect as compared to broth media. Such phenomenon is a postulation that the
mechanism used by NMs to inhibit the bacterial growth in solid media is by releasing ions
from the surfaces of the NMs (Martines-Castanon et al., 2008). Furthermore, these results are
in agreement with the MIC results; when bacterial suspensions were exposed to nZnO and
nAg in a broth medium, coagulation formation were observed and these decreased nAg and
nZnO effectiveness compared to agar plates, which is related to charge neutralization
mechanism (Pal et al., 2007; Choi et al., 2008). However, Brevibacillus were seen to be more
susceptible towards nZnO as compared to Pseudomonas and Bacillus. Similarly, Khan et al.
(2014) also found that silver NMs where present on the surface of the nutrient agar plates,
therefore, could completely inhibit the bacterial growth compared to liquid broth.
Furthermore, it has been illustrated that the toxicty can be attibuted by the media type, as Li
and co-workers (2011) have demonstrated the adherence ability of five commonly used
media (ultrapure water, 0.95% NaCl, phosphate-buffered saline, minimal davis, and Luria-
Bertani) attributing toxicity of nZnO towards E. coli. They observed a drastic toxicity
decrease of Zn®" ions concentration in minimal Davis and Luria-Bertani media, concluding

that nZnO relied on the free ions and labile Zinc complexes as the main components of
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toxicty. Additionally, they showed that complex components presence in the medium as a
form of PO,’, citrate, etc. can play a crucial role in influencing the dissolution and the change

on their species and affect their toxicities.

A parallel study was conducted to assess the toxic effect of of #ZnO and nAg in varying
concentrations towards single bacterial isolates and corsortium (protozoan and bacterial
isolates) in the modified wastewater mixed liquor at varying pH (2,7 and 10). It was noted
that cell death was encaraged as NMs concentrations increased which was concetration
dependent for both nZnO and nAg, and in all environmetal control condition (pH 2, 7 and 10)
at constant 37°C. Pronounced inhibition was observed when Bacillus and Pseudomonas were
in the presence of 0.06 and 0.150 g/L of nZnO, except for Brevibacillus (20 g nZnO/L).
These results are supported by Kasemets et al. (2009) who also pointed out that »ZnO had
concentration dependent toxicity effects on yeast growth , yielding about 80% inhibition of
the growth that was observed at 250 mg ZnO/L level for both types of ZnO formulations.
Similar patterns were observed in bacteria where nZnO below 1 mg/L were much less toxic
for vibrio fischeri but MIC value was achieved at 200 mg/L (Heilaan et al., 2008). The
exposure of nAg also exhited antibacterial activity towards bacterial isolate which was
concentration dependent with inhibition achieved at 0.65 g/L for all bacterial isolates at pH 2,
7 and 10 except for Bacillus that was susceptible at 0.105 g/L at pH 2 (Figure 10). The results
obtained by Jin et al. (2010) indicated that Pseudomonas was more adaptable in the presence
of oligotrophic inorganic electrolytes compared to B. subtilis, making Pseudomonas more
resistant to the antibacterial activity of silver nanomaterials. It was therefore concluded that
the antimicrobial effects of silver nanomaterials are associated with the characteristics of
certain bacterial species. Such results are in agreement with the results obtained in the present
study as Pseudomonas was found to be susceptible to 0.65 g/ L of nAg in pH 2, 7 and 10.
When Daphnia magna (D. magna) was exposured to nAg in a 96-h acute exposure study
concentration-dependent mortality was observed in D. magna neonates, with 100% mortality
achievd at 10 and 1 mg/L. furthermore, chronic 21 days exposure, revealed that lower

concentrations of nAg did not cause significant mortality (Gaiser et al., 2011).

We conducted further toxicity study to assess the heterogeneous of protozoan isolates and
bacterial isolates exposed to various concentration of nZnO and nAg with change of pH (2,7
and 10) at constant temprature of 37°C over 5 incubation days, rotated at 100 rpm. Our results

showed that selected isolated exhibited antimicrobial effects in varying degrees after tretment
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with nZnO and nAg when compared to the positive control. It was also noted that the toxicity
effects were concentration-dependent, especially for nZnO. Overall these results revelaved
that both isolates were less susceptible to the presence of #ZnO with MIC values achieved at
20 g/L across all pH values, except of bacterial isolates which were inhibited at 0.65 g/L at
pH 10. There were also similar observations in a previous study, where nZnO manifested
concentration-dependent toxicity effect on mouse macrophage Ana-1 cells (Song et al.,
2010). On the other hand, the antimicrobial activity of nAg towards consortium of protozoan
and bacterial isolates were shown to inhibit cell growth at concentration of 0.65 g/L, except
of bacterial isolate that exhibited MIC value at 0.105 g/L at pH 7. These results are supported
by (Dimkpa et al., 2011) who showed that antimicrobial effects of commercial Ag NP was
attributed by concentration-dependent activity towards E.coli and Staphylococcus aureus.
Fabrega et al. (2009a) also investigated the interaction of Pseudomona biofilm with
commercial Ag NPs in the presence and absence of Suwannee River fulvic acid (SRFA) at
pH 6 and 7.5 found that biofilms cell growth were impacted in the absences of SRFA by Ag

NPs in a dose-dependent manner.

Noteworthy was the influence of pH towards toxicity of nZnO and nAg which was evaluated
using bacterial growth, determininig rates of degradation and the bioavailability of
compounds. According to Burgess et al. (1999), the majority of wastewater treatment plants
operate activated sludge at pH 7.0, but alkaline conditions are reported to be inhibitory to
most species than acidic ones. The present study showed that the selected single bacterial
isolates, consortium of protozoan isolates and consortium of bacterial isolates biomass
increased exceptionally at pH 7, however, it was noted that Bacillus, Pseudomonas and
Brevibacillus had higher biomass concentration at pH 10, 7 and 2, respectively. While the
mixture of protozoan isolates were found to be more alive at pH 10, and bacterial isolates
were seen to be active at pH 2. Similarly, all isolates were reported by Kamika and co-worker
(2011a) to grow at and tolerate pH 8; more especially Brevibacillus laterosporus and
Trachelophyllum sp were observed to persist at pH 10, 4 and 6, respectively. Experimental
study on the phosphate and nitrate removal using protozoa showed that the protozoan isolates
were found to successfully in removing phosphate and nitrate at optimum pH ranges of 7 to 9
and 5 to7 (Akpor, 2009). The present study's results revealed that the pH has an effect on the
toxicity of NMs towards all selected isolates especially at pH 2 Bacillus, Pseudomonas and
protozoan isolates biomass conctration was considerably lowere and at pH 10 Brevibacillus

and consortium bacterial isolates biomass concentration were quite low. The influence of pH
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on toxicity was found to increase when pH was adjusted to pH 8 toxicity towards
Pseudokirchneriella subcapitata (Aruoja et al., 2009). Sorption toxicity study illustrated
increased toxicity of nZnO towards Folsomia Candida with the increase of pH (Waalewijn-
Kool et al., 2013). When Pseudomonas putida were exposed to nAg with change of pH 6 and
7.5, the results revealed higher uptake at pH 6 compared to pH 7.5 (Fabrega et al., 2009b).
There was also growth reduction of Pseudomonas fluorescens over 24 h exposure towards
nAg at pH values of 6-9 at all pH values, irrespective of the presence of Suwannee River
humic acids (SRHA). Remarkably, the cell reduction were observed at pH 9, resulting to
approximately 50% reduced growth. It was after 24 h of exposure at high concentration of
nAg (2000 ppb) that yield 90% decreased of population density by reducing growth, for all
pH values (Fabrega et al., 2009b).

According to (Akpor, 2009) the existence of microorganisms in water is an indication for
nutrient enrichment and water quality, which is monitored using parameters such as turbidity,
conductivity, chemical oxygen demand (COD), and biological oxygen demand (BOD). For
the purpose of this study removal and release of COD was monitored when the microbial
isolates where exposed to the increasing concetration of nZnO and nAg. Our results obtained
demostarted that there was minimal removal of COD in lower concentration but as
concentration increase these inversely decreased the removal and as the media became toxic
for the microbes there was release of COD. This contributed to the bacterial biomass/biofilm
as pointed out by Kiser et al. (2010), COD being itself a source of organic matter, surrounded
by EPS which mediates exchange processes with the cells’ environments, absorb water to
hydrate cell and preserve biofilm lifestyle. Therefore, bacterial and protozoan isolates
secreted EPS in the media when it became more toxic for their survival, however, such
release of EPS results in COD becoming negative value. A similar behaviour of removal
decreased as the concentration of both nickel and vanadium increased in the wastewater
samples and evetually COD released increased was noted when bacterial isolated were
exposed to both nickel and vanadium heavy metal in varying concentration and found that
Pseudomonas revealed the highest uptake of 256.6% and 237.11% at 10 ppm of nickel and
vanadium, respectively but decrased with increased concetration of nickel and vanadium
(Kamika and Momba, 2011 a,b). On the contrary another study investigated the short-term
exposure of ZnO and Ag ENPs in simulated wastewater treatment process and the presence
of Zn and Ag in high concentration did not display significantly impact on COD removal
efficiency (Musee et al., 2014).

101



The ability of bacterial isolates to remove the DO was also evaluated at a constant
temperature of 37°C. The important role of DO is for microbial growth, and an indication of
the aerobic quality condition,which aerobic bacteria grow adequately in the presence of 1-2
mg/L dissolved oxygen concentration (Kamika & Momba, 2011a; Holder-Snyman et al.,
2005). Results obtained in the study revealed a decrease in microbial isolates (single bacterial
isolates; consortium bacterial and protozoan isolates) as the concentrations of nZnO and nAg
increased in the modified wastewater mixed liquor samples which also resulted in the
decrease in DO uptake, further corroborated with COD removal and release results discussed
above. On the other hand, a comparable trend was also observed when bacterial isolates were
in the presence of increasing concentration of nickel and vanadium; wherein a gradual

decrease of DO uptake occurred when the Ni*" and V" increase (Kamika & Momba, 2011a).

Biofilms are a complex microbial community that forms by adhesion to a solid surface by
secretion of a matrix (proteins, DNA, and extra-polysaccharide), which assist in
communicating and enhancing interaction through the process known as quantum sensing
over the bacterial cell community against emerging toxics and antibiotics (Hajipour et al.,
2012). Therefore, secretion of extracellular polymeric substances (EPS) in activated sludge
also function to reduce nutrients for bacterial growth and restrict contaminants in the WWTP
(Wingender et al., 1999; Kiser et al., 2010). Additionally, high concentration of microbial
organism tends to excrete polysaccharide substances that promote formation of biofilm in the
aqueous system and resist to the antibacterial effect. Furthermore, layers within the cell
membrane also play a crucial role to predict the resilient or resistance of the bacterial cell in
toxic environment. Consequently, the functional of polysaccharides and proteins represented
as adsorption bonds were determined for single bacterial isolates (Figure 7, 8 and 9) using
FTIR. These adsorption bonds further indicate the morphological difference in cell shapes
and variation in absorbance indicate present cell composition and components. Changes in
cell polysaccharide structures were observed and these vibrations indicate the binding of
NMs on the cell surface (Bandyopadhyay et al., 2012). Micrographs revealed that nZnO and
nAg were likely to bind to the sulfur-containing proteins on the membrane or inside the cells
and phosphorus-containing element like DNA, hence, stimulating the toxicity of NMs to be
able to destroy the permeability of bacterial membrane. It is suggested that the interaction of
metallic silver and metal zinc oxide and bacteria cells can be attributed to Zn * and Ag*" ions
that interrupt bacterial respiration and adenosine triphosphate (ATP) production.

Subsequently reacting with thiol groups by inactivating the cellular proteins by combining the
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—SH groups of enzymes (Pal et al., 2007; Ju-Nam and Lead 2008; Thwala et al., 2013;
Matzeke et al., 2014).

Intriguingly, the secretions at high cell density can results in suffocation of one strains when
there is high competition in long-lived chronic situations (Nadell et al., 2008). Therefore, the
current experimental study evaluated interaction varying concentrations of nZnO and nAg
towards consortium of protozoan isolates and bacterial isolates separately in a modified
wastewater mixed liquor medium adjusted to pH 7 (Fig. 18 and 19). The HRTEM images
showed that there was NMs-bacterial interaction on the surface of the bacterial and protozoan
isolates resulting in cell wall damage and disorganization (Figure 18 and 19). Furthermore,
cellular internalization was assumed to be the cause of intercellular contents leakage due to
cell pits existed by both nZnO and nAg. It was noted on the images that there was slight
morphological changes observed when NMs where in contact with an aggregate of isolates,
both protozoan and bacterial isolates (Fig. 18B and 19B). Comparable results were observed
when microorganisms were exposed to nAg, suggesting that individual isolates are prone to
the toxicity as compared to the mixture culture of isolates that indicate symbiotic effects
among bacterial biofilms which increase survival and significantly contribute to their
tolerance under nAg treatment (Hong et al., 2008; Becheri et al., 2008, Raghupathi et al.,
2011). Nonetheless, treatment of 200 mg Ag/L on biofilms from biological wastewater
treatment processes were found to be highly tolerant resulting to insignificant heterotrophic
plate counts after 24 h (Sheng and Liu, 2011). Marambio-Jones and Hoek (2010) indicated a
recent accumulation and uptake of Ag NPs on the cell membrane within V. cholera, P.
aeruginosa and S. typhus. Results for the current study are in agreement with the images
obtained from SEM microscopy used to evaluate the surface morphology of treated E. coli in
Luria-Bertani (LB) medium. The images showed damages, with formation of “pits” in their
cell walls. There was accumulation of NMs on the cell membrane, while some of them
successfully penetrated into the cells, resulting to leaking of intracellular substances and
coagulation of NMs at the bacterial (Sondi and Salopek-Sondi 2004). The elementary nZnO
and nAg existing on the treated bacterial and protozoan isolates confirmed the incorporation
of nZnO and nAg onto the cell membrane structure detected (Figure 18 C&D, and Figure 19
C& D). This suggests the antimicrobial mechanisms of Zn+ ions and Ag+ ions (Feng et al.,
2000; Sondi and Salopek-Sondi 2004). Similar phenomenon have been observed after
treating E.coli and S. aureus with AgNOs, where the morphology changed and the cytoplasm

membrane were detected to be detached from the cell wall and there were small dense
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electron granules surrounding the cell wall and deposited inside the cells (Feng et al., 2000).
The exact inhibitory mechanisms action of Zn" ions is still not well understood, whereas ,
Ag’ ions is partially known (Feng et al., 2000). However, the HRTEM images shows the
NMs bind with the microorganism membrane and interact with its building element, causing
degradation and structural changes resulting to cell death (Feng et al., 2000). Therefore, the
presence of nanoparticles that are converted to ions, could bind to functional groups of
proteins and result in protein denature, dismantle deoxyribonucleic acid (DNA) replication
ability and other cellular structures (Feng et al., 2000). However, regardless of the
mechanism of interaction involved, it is evident that nZnO and nAg attached to microbial cell

membranes increase permeability and disturb respiration (Marambio-Jones and Hoek 2010).
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CHAPTER 7

GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.1 General conclusions

The objectives of this WRC REPORT were achieved based on the findings presented
throughout the work. The fate and behaviour of ZnO nanoparticles in wastewater were found
to be impacted upon by the presence of electrolytes, ionic strength, organic matter and pH

during the activated sludge wastewater treatment.

The release of zinc from ZnO ENPs suspension in wastewater was found to be more
significant under acidic conditions and low ionic strength. However, the release of zinc from
ZnO ENPs in wastewater is lower compared to de-ionized water indicating the pivotal role of
the wastewater biomass adsorptive ability for the removal of contaminants. In addition, under
alkaline conditions, a large fraction of the metal-oxide ENPs showed strong affinity for the
sewage sludge rather than dissolved or dispersed in the filtrate. The depositions of ENPs on
sludge suggest their removal by abiotic, bio-sorption and bio-solid settling mechanisms.
Furthermore, the size of ZnO ENPs was found to significantly increase upon exposure to
wastewater, an observation that suggests the sorption and stabilization ability of NOM such

as humic acid present in wastewater.

Under the conditions of the study, which are closely related to the real WWTPs, the
consortium of bacteria collected from a well operated WWTP and employed in the aeration
chamber were able to remove the organic matter in the wastewater added ZnO ENPs. We
observed both COD and DOC were not significantly affected by changes in ENPs
concentration, a phenomenon suggesting adaptation ability of microorganisms responsible for
organic matter degradation during activated sludge wastewater treatment upon long term
exposure to ENPs. However, our findings on the potential release of zinc in the wastewater
effluent as ENPs concentration changes indicate that, although the Zn levels were low, the
potential release increased with ENPs concentration, with a larger fraction of the ENPs
associated with the sludge. This implies that the sludge treatment process would require

additional steps to remove the elevated concentrations of metals, particularly in the South
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Africa context where more than 90% of the sludge from WWTPs is utilized for agriculture. In
addition, the removal mechanisms of ZnO ENPs during wastewater treatment remain
complex in nature, although abiotic, bio-sorption, and bio-solid settling mechanisms have
been proposed. Furthermore, using wastewater and de-ionized water as test and control
media, respectively, have allowed understanding ENPs removal induced by abiotic factors

compared to removal induced by the presence of the biomass.

Selected bacteria and protozoan species commonly found in wastewater systems were used
to underline and understand the impact of ZnO and Ag NMs on the microbial population of
the wastewater treatment plants. The characterization of the commercial ZnO and Ag NMs
used during this investigation are found to be within the recommended nanoparticle sizes
ranging between 1 and 100 nm. Evidently the presence of these commercial NMs in the
modified wastewater revealed that they were toxic towards bacterial and protozoan isolates.
However, their toxicity effects are found to be concentration-dependent. The antimicrobial
toxicity was noted to be further influenced by the pH of the media, with the pH 2 and pH 10
being attributed to be more toxic towards microbial activity compared to pH 7. The
interaction of the target NMs and microbial cell membrane of the selected bacteria and
protozoa could alter the polysacharrides present on the cell wall by adsorption and eventually
causing cell death. Overall, the antimicrobial activities of #ZnO and nAg are revealed to be
reduced slowly and hindered by the production of the EPS in the media, hence, increasing
the concentrations of NMs in the media which results in the inhibition of the microorganims.
Therefore, the present study indicates that the bacterial isolates and protozoan isolates are
useful in NM ecotoxicological assessment and there is a tremendous need for an intergrated
environmental toxicology assessment. Still, the toxicity of commercial NMs may be different

from the manufactured ones as they demonstrate that they are not size and surface dependent.

In conclusion, in a typical wastewater treatment systems, engineered nanomaterials are
therefore likely to be introduced into the environment through the use of sludge for
agricultural purposes as well as possible release as fly ash. The release of zinc from ZnO
ENPs suspension in wastewater was found to be more significant under acidic conditions and
low ionic strength. Results using HRTEM show that the NMs bind with the microorganism
membrane and interact with its building element, causing degradation and structural changes
resulting to cell death of the organism. Therefore, the presence of nanoparticles that may be
converted to ions, could bind to functional groups of proteins and result in protein denature,

dismantle deoxyribonucleic acid (DNA) replication ability and other cellular structures.
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Regardless of the mechanism of interaction involved, it was evident from this study that

nZnO and nAg attached to microbial cell membranes resulted in an increase in permeability

therefore disturbing respiration of the microorganisms.

7.2 Recommendations and future works

The objectives of this WRC Project were achieved based on the results obtained from our

study. However, as the study is a pioneer of its kind in South Africa, relevant gaps have been

identified for future work, as follows:

1l

111

1v.

The present work addressed the fate and behaviour of ZnO nanoparticles during
activated sludge WWTPs. However, the organic matter content of wastewater is rich
with complexing and precipitating agents such as humic acid, tannic acid, sulphides,
and among others, just to mention a few, that are pH dependent. Therefore,
investigating the speciation of ZnO nanoparticles in WWTPs may contribute to the
development of appropriate methodologies for the removal of nanoparticles before the

disposal or reuse of bio-solids;

The investigation of the bacterial species highly sensitive to the presence of ZnO
nanoparticles, will help understand which stages of the activated sludge wastewater
treatment processes are more affected by the presence of nanoparticles in order to

develop methodologies to overcome the adverse effect;

The high levels of zinc in the wastewater biomass (sludge) as a result of the ZnO
nanoparticles removal with waste activated sludge (WAS), suggests further
investigations of their adverse impacts to the wastewater treatment processes, such as

anaerobic digestion.

Research on the simulated wastewater treatment plant would be further helpful to give
a better understanding of the impacts on the microbial (protozoan and bacterial
isolates) susceptibility towards NMs. It should be noted that in the actual
environment, microoganisms are higher in concentration (hence, release of EPS) and

other organic and inorganic constituents are present in WWTPs, and such have been
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shown that NMs adsorb on the biofilm therefore, suggesting NMs will be removed

from the treatment.

Finally, further work is required to elucidate the long-term effect accumulation of

NMs on biofilms and landfills as the concentration will be increasing.
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