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Abstract

Photo-degradation is one of the most attractive methods. It involves
excitation of the suitable semiconductor by light, followed by mineralization
of biological and chemical pollutants in water. ZnO nanoparticles (ZnO
NPs) are being used for photo-degradation of widely spread water organic
pollutants. Due to its wide broad band gap (~3.2 eV), ZnO photo-catalytic
activity is limited to shorter wavelengths which located in UV region. As
only ~4% of the solar spectrum falls in the UV region, smaller band gap
natural dyes, such as natural dyes(Anthocyanin) are examined to sensitize
ZnQO particles for visible solar light.

In this work disinfection of water by complete deactivation and
mineralization of G +ve and G -ve bacteria, together with their organic
components, using ZnO NPs was investigated. ZnO NPs are known as
antibacterial agents, noxious to microorganisms, and hold good
biocompatibility to human cells. Both naked ZnO and ZnO\Anthocyanin are
tested against G —ve K. Pneumoniae and G +ve S. aureus bacteria by using

direct solar light simulator.



XV
The efficiency of ZnO-NPs revealed that using both synthesized and
commercial ZnO-NPs, with and without Anthocyanin dye sensitizer under
sun light simulator were used for deactivated bacteria, finding that after 60
min G +ve S. aureus and G —ve K. pneumoniae bacteria were totally
deactivated. While after 3 hrs. 98.7% of G + ve S. aureus and 45.2% of G —
ve K. pneumoniae bacteria organic matters were mineralized by using ZnO-
NPs. These results confirm the ability of ZnO-NPs to behave as effective
catalyst in photo mineralization of the two bacteria in water. It is therefore
recommended to expand the present study and include other types of
biological pollutants, in addition to study other factors that might impact

photo mineralization reaction.



Chapter 1
Introduction

1.1 General.

Purified water is essential for living a healthy life. As such everyone should
have access to it. Drinking water conditions have great impacts on people’s
everyday life, especially in the rural area where access to safe drinking water
is extremely fateful. Climate change, population growth and increasing
water scarcity, already create challenges for water supply systems.
According to WHO, by 2025, half of the world’s population will be living
in water-stressed areas according to water demand [1]. As a result, Re-use of
wastewater by water remediation is becoming an important strategy.

In recent days, more and more countries are using wastewater for irrigation.
In developing countries this represents 7% of irrigated land [2]. If this
practice is done in suitable way, safe management of wastewater can yield
multiple benefits, including increased food production. Until this, options
for water sources used for drinking-water and irrigation will continue to
evolve, with an increasing dependence on groundwater and alternative
sources, including wastewater. Reusing wastewater by purification it from
all types of contaminants can be a real solution. Safe Drinking Water Act
defines the term "contaminant” as any physical [3], chemical, biological, or
radiological [4,5] substance or matter in water. Some drinking water

contaminants may be harmful if consumed at certain levels in drinking water
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while others may be harmless. The presence of contaminants does not

necessarily indicate that the water poses a health risk.

1.1.1. Biological contaminants.

Naturally, Water contains a various population of living organisms, such as
aquatic plants, bacteria, parasites and viruses. Some of them are harmless
while others can be harmful to humans. Every year 1.5 million people die as
a result of diarrhea and other diseases caused by unclean water and poor
sanitation [6]. The WHO Guidelines for Drinking Water Quality recommend
that all water intended for drinking should have zero fecal coliform

contamination in 100 ml sample.

1.1.2. Bacteria.

Bacteria are the most common microorganisms found in animal and human
feces. Drinking water contaminated by feces is the primary cause of water-
borne infections, with some bacteria. Only a few cell found in water can be

pathogenic [7].

1.1.2.a. G +ve and G —ve bacteria.

G staining is a common technique used to differentiate between two large
groups of bacteria based on different cell wall contents. Table (1.1) shows

common differences between G +ve and G —ve bacteria.
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Table (1.1): The most common differences between G +ve and G —ve

bacteria [8-10].

Gram reaction

Gram negative
bacteria

Gram positive
bacteria

Can be decolourized
to accept counter stain
(Safranin or Fuchsine);

stain red or pink, they
don't

retain the G stain

when washed with
absolute

alcohol and acetone.

Retain crystal violet
dye

and stain dark violet

or purple, they
remain

colored blue or
purple with

G stain when washed

with absolute alcohol

Lipid content is 20-
30%

(high), Murein content
is 10-20% (low).

and water.
Peptidoglycan Thin (single- Thick
layer layered). (multilayered).
Outer membrane Present. Absent.
Resistance to Low. High.
physical
disruption
The cell wall is 70-120 The cell wall is 100-
Cell wall A 120 A
composition thick; two layered. thick; single layered.

Lipid content of the
cell

wall is low, whereas
Murein

content is 70-80%
(higher).




1.1.3. Klebsiella pneumoniae.

A Gram -ve bacterium with large polysaccharide capsule that

distinguishes the organism [11].

Figure (1.1): A pink G —ve stain K. pneumonia of cells.

1.1.3.a. Human health effects.

K. pneumonia have been identified as colonizing hospital patients, where
spread is associated with the frequent handling of patients (e.g. in intensive-
care units). Patients at highest risk are those with impaired immune systems
[12]. Patients with K. pneumonia infection have an increased tendency to

develop lung abscess, cavitation, empyema, and pleural adhesions [13-15].

1.1.4. Staphylococcus aureus.

A G -ve with non-moving small round shaped. They are approximately 0.5-

1.5 um in diameter [16].


https://en.wikipedia.org/wiki/Abscess
https://en.wikipedia.org/wiki/Cavitation_(biology)
https://en.wikipedia.org/wiki/Empyema
https://en.wikipedia.org/wiki/Adhesion_(medicine)

Figure (1.2): G +ve stain of S. aureuscells.

1.1.4.a. Human health effects.

Although S. aureus is a common member of the human microflora, it can
produce disease. Based on the ability of the organisms to multiply and

spread widely in tissues [17].

1.1.4.b. Source and occurrence.

S. aureus is relatively widespread in the environment but is found mainly on
the skin and mucous membranes of animals. S. aureus is occasionally
detected in the gastrointestinal tract and can be detected in sewage. S. aureus
can be released by human contact into water environments such as
swimming pools, spa pools and other recreational waters. It has also been

detected in domestic water [18,19].



1.1.5. Water purification.

Advanced Oxidation Processes (AOPs) using hydroxyl radicals and other
oxidative radical species are being studied extensively for removal of
various pollutants from wastewater. Many AOPs ozonation, chlorination,
UV/ozone, UV/hydrogen peroxide, and UV/photocatalysis are most

commonly studied and used in many applications [20].

Unfortunately, the common disadvantage shared between all sorts of AOPs
is the high operating cost, which has somewhat limits large-scale
applications. Moreover, the side effect of some AOPs could effect on the
human health. For example, in the 1970s scientists discovered that when
chlorine is added to water, it forms Trihalomethanes (THMs), one of which
is chloroform. THMs increase the production of free radicals in the body and

are highly carcinogenic (cancer causing) [21].

On the other hand, research started focusing on using heterogeneous-
semiconductor photo-catalysis for water disinfection. The effectiveness of
these semiconductors against microorganisms including bacteria, viruses,
protozoa and fungi have been proved as illustrated in (Chapter 2). It is
generally reported that the photocatalytic disinfection of water requires
exposure to irradiation of equivalent or higher energy than the band gap of
the semiconductor. The distance between the valence and conductivity
bands amounts to 0.7-3.5 eV for semiconductors and is called a Band gap,
Eg. Table:(1.2) shows values of band gaps of some common

semiconductors. Zinc Oxide is classified as a semiconductor in group Il-
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VI, whose covalence is on the boundary between ionic and covalent
semiconductors. A broad energy band (3.2-3.37 eV) with high thermal and
mechanical stability at room temperature make it attractive for potential
uses [23]. Zinc Oxide, has unique physical and chemical properties, such as
high chemical stability, high electrochemical coupling coefficient, broad

range of radiation absorption and high photo-stability

Table (1.2): Band gap widths of some more popular semiconductors [22].

Semiconductor Eg (eV)
Si 1.1
FEzOg 2.3
CdS 2.5
TiO; (rutile) 3.0
TiO, (anatase) 3.2
ZnO 3.2-3.37
SnO; 3.5

In addition, ZnO was extensively studied as antimicrobial agent due to its
photocatalytic activity under UV light. Its nano-powders are generally used
as effective and nontoxic semiconductor photo-catalyst for the degradation
of different organic chemicals and synthetic dyes. The studies showed that
ZnO NPs were more abrasive than bulk ZnO. The nano size of ZnO
contributes to the greater mechanical damage to the cell membrane and the

enhanced bactericidal effect [24].

1.1.6. Zinc Oxide Sensitization.

Stable oxide semiconductor types could not absorb visible light because they

have wide band gaps. For ZnO is a wide band gap semiconductor with wide
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band gap (3.2 -3.37 eV) at room temperature [25]. To solve this problem, the
wide band gap semiconductor materials was sensitized. Sensitization of ZnO
with dyes, such as organic dyes, can enhance the potential of light absorption
by exciting and injecting electrons into Conduction Band(CB) of the
semiconductor. Here, in this work, "low cost, abundant, easily extractable
and safe material™ are the set conditions for the dye to use. Anthocyanin dye
satisfies these conditions. Thus, it has been used as a photosensitizer for Zinc

Oxide sensitization. The dye is extracted from local plants.

1.1.7. Anthocyanin Dye.

Natural dyes are abundant, easily extractable, safe and cause no
environmental threat. Besides betalains, carotenoids and chlorophyll,
Anthocyanins, the most important group of natural dyes widespread in
nature. Most often they are present in leaves, fruits and flowers [26].
Anthocyanins are plant polyphenols. They involve derivatives of 2-
phenylbenzo pyrylium salts (flavylium salts). The aglycone moiety is
glycosylated by one or more sugars and can have several hydroxyl and
methoxy groups. It contains delocalized electrons and is responsible for the
color of the compound. Anthocyanins absorb light in a range of 520-550 nm
[27]. Fig. (1.3) shows some possible structural formulas for different

Anthocyanin structures.



R4
OH
o o
H e — R
s S OH
—OH O HO
— OoH
HO HO
OH

R, R anthocyanin aglycon

H X pelargonin pelargonidin

OH H cyanin cyanidin

OCH, H peonin peonidin

OH OH delphin delphinidin

OCHs OH petunin petunidin

OCH; OCH; malvin makvidin

Figure (1.3): Structures of common Anthocyanins and their Aglycons [28].

Due to this, Anthocyanin dye was chosen here for Zinc Oxide sensitization.
It is extracted from flowers petals of Hibiscus tea (karkade) available in local

market.

1.1.8. Proposed mechanism for naked nano-ZnO effect:

Zinc Oxide has a energy band gap of ~3.37 eV [9]. When the energy of a
photon from the light source exceeds this gap, A = 368 nm, a photo-excited
electron will be promoted to the conduction band (CB) leaving a positive
hole in the valence band (VB).

N0+ hv —ecg+h'yp (6.1)


javascript:popupOBO('CHEBI:38697','B800165K','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=38697')
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Figure (1.4): The mechanism of naked semiconductor photocatalysis.

If the photo-holes and photo-electrons produced by this process migrate to
the surface, then interact with adsorbed species. The positive hole will react
with adsorbed water molecules on the surface of semiconductor producing
(OH") radicals and the electron will react with adsorbed oxygen on the
surface producing superoxide ions (O,"). Generally, hydroxyl radical (OH")
and superoxide ions (O,™) are primary free radicals since both of them can
be generated by metal oxide directly. Other radicals such as singlet
oxygen(*0,), hydrogen peroxide (H20-) can be formed indirectly by a series
of photochemical reactions involving either hydroxyl radical (OH") or
superoxide ions (0;7).

The procedure can be summarized as described by literature for organic
contaminants [56-57].

These free radicals are very unstable and reactive with other compounds,

trying to capture the needed electron to gain stability. Stimulation of oxygen
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species such as H,0,, O2 and OH"by UV light harms bacteria and
damages the active enzyme, DNA, and protein [58-59]. The species oxidize
the cell membrane of bacteria, and the compounds. When the "attacked"
molecules lose their electrons, they become free radicals themselves and a
chain reaction begins [61]. Free radicals will not attack cell membrane only,
but as we propose it will degrade all cellular components (mainly DNA,
RNA and lipids) coming out from deactivated bacteria. In dark deactivation
of bacteria occurs due to ZnO NPs toxicity which disturbs the cell’s

metabolic system of bacteria and deactivates them [ 29-37, 60].

1.2 Objectives.

The major objective of this work is "Disinfection of water by complete
deactivation and mineralization of G+ ve and G —ve bacteria by using a low

cost and safe method of photo mineralization”.
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Chapter 2

Literature Review

—In 2012, B. Subash and his team synthesized Zr co-doped Ag-ZnO and
used it for the degradation of red 120 dye under natural sun light
illumination, first they tested several metallic doped with Ag-ZnO
finding that 4% wt Zr co-doped Ag- ZnO Almost achieved complete
degradation of the dye takes place at the time of 30 min under solar
light. 50.0% decrease in dye concentration occurred in the absence of
solar light. However, using Ag metal will increase the cost of this
catalyst and in general it's not favorite to add many types of metals to
water here, such as Ag and Zr in addition to Zn, this will effect on
both the taste of drink water and heath [29].

— In 2014 different composites of Polythiophene (PT)/Zinc Oxide (ZnO)
nanoparticles with different PT weights were synthesized by M.
Khatamian and his team. Chemical oxidative polymerization was
used for the preparation of composites, with average particle size of
30 nm of ZnO. Optical properties of the prepared composites were
investigated by Diffuse Reflectance Spectroscopy (DRS) which
showed a broad peak in the visible region which its intensity increased
by increasing the PT percentage. The photocatalytic activities of the
composites were evaluated by degradation of Methyl Orange (MO)
aqueous solution under visible light (9W LED lamp; whitelight,400—

700nm), sunlight irradiation and dark. The composition of ZnO with
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PT in the composites improves its adsorption capacity in the dark,
higher removal percentage is obtained at 30 min, using PT (20%)/
ZnO samples the adsorption capacity reach to 75%. While under
visible light the removal efficiency of pure ZnO is 48% in 180min
irradiation time. Moreover, TOC result for the PT (20%)/ZnO
composite is lower than pure ZnO after 180 min [30].

—In 2015, different morphologies of ZnO nanomaterials were
synthesized and used as photo-catalyst for self-sensitized photo-
degradation of Malachite Green (MG) under solar light. Finding that
ZnO flowers exhibited highest photocatalytic activity, with complete
mineralization of dye to produce CO, [31].

—In 2016, Venieri and his team worked on doping titania with non-
metals which decrease its band gap energy below the value of 3.2 eV,
then the disinfection potential of cation-doped titania in terms of S.
aureus elimination in aqueous samples under artificial and natural
sunlight was investigated. Fe, Al and Cr doped TiO,, the relative
activity for S. aureus inactivation decreased in the order Fe-TiO,> Al-
TiO2> Cr-TiO,. This could achieve a 99.9% deactivation of S. aureus
population after 60 min. On the other hand, they mentioned how
Cr3*is generally harmless in the environment due to its weak
membrane permeability. And also toxicity of Al**is highly dependent
on the pH of water and organic matter content. With decreasing pH
its toxicity increases, so these metals may alone cause S. aureus

inactivation and be another sources of pollutants in water. In addition,
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they did not talk about the stability of catalyst and proposed that it
worked in principle of forming free radicals which causes damaged in
the bacterial cell membrane, however, forming these radicals meaning
also forming holes with positive charge and cation-doped titania may
resist dispose of these holes [32].

—In 2016, Synthesis of ZnO/ZnS core/shell nanoparticles by grown a
shell of ZnS over synthesized ZnO nanoparticles. Absorption
spectroscopy of core/shell was done finding blue shift in the UV
visible absorption spectra. Then photo-catalysis tests were done by
degradation methylene blue in water. Knowing that both Zinc
Sulphide (ZnS) and ZnO having band gaps 3.72 eV and 3.37 eV, but
they proposed that the band gap of the core—shell system is smaller
than both the core and the shell material and this proved by dye
degradation. However, in some cases electron—hole recombination
occurs at the interface between the core and the shell material and this
can reduce the photocatalytic activity [33].

—1In 2017, a novel combined solar system consisting of a TiO, thin-film
annular photoreactor and a pasteurizer operating under continuous
flow designed was tested, to improve both the bacteria inactivation
and organics degradation. With reducing cost because works without
pumps or a power supply. The simultaneous E. coli inactivation and
degradation of the pharmaceutical antipyrine in synthetic urban
wastewater using this system was studied. as a function of hydroxyl

radical generation by solar TiO; activation. The chemical degradation
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and bacteria photo-inactivation kinetic modelling and rate-limiting
step in the TiO, compound parabolic collector (CPC) were evaluated.
99.1% of bacteria photo-inactivation was reached in the TiO,/CPC
system (0.60 mg cm2) with time 80 min. Chemical decontamination
increased with increasing residence time and increasing TiO, load in
the CPC. Up to 70% antipyrine removal was achieved under the
studied operating conditions. The addition of 150 mg L of H,O; in
the CPC at the beginning of the reaction improved the process
efficiency by generating extra radicals. Both the antipyrine
degradation and E. coli photo-inactivation were found to be catalyst
surface reaction-rate controlled in the solar/ H,O./TiO, photoreactor
[34].

—1In 2017, ZnO/SG by the molten salt ZnCl, method was successfully
prepared. In their technique, no reduction agent was used. Hence, it is
an environmentally friendly method. Furthermore, the entire process
lasts about 2 hours. After 60 min, the cluster of nanoparticles was
seen, and around 90 min, plenty of ZnO nanoparticles covered the SG.
The antibacterial test of the samples against E. coli and S. aureus
shows all bacteria were deactivated after 40 min. The antibacterial
results detected that the ZnO/SG prepared in longer deposition times
possess better antibacterial activity due to the improvement in the
contents of ZnO nanoparticles on the silica surface. However, in their

research they did not deeply look how bacteria is deactivated and if



16
their catalyst could work with another types of pollutants such as
chemical pollutants [35].

—In 2017, electrochemical oxidative degradation of diazo dye amido
black 10B (AB10B) as model pollutant in water has been studied by
using nanostructured ZnO-TiO; thin films deposited on graphite felt
(GrF) substrate as anode. The best operating conditions for the
degradation of 0.12 mM (74 mg L) dye concentration and
mineralization of its aqueous solution were determined as GrF-ZnO-
TiO, thin film anode, 100 mA current intensity, and 0.1 mM Fe?*
(catalyst) concentration. Under these operating conditions,
discoloration of AB10B solution was reached at 60 min while 6 h
treatment needed for a mineralization degree of 91 %. Finally, they
proposed that treatment with GrF-ZnO-TiO, composite thin film
anode that seems to be the most powerful electrode for an efficient
removal of AB10B dye from water. However, using electrochemical
oxidative process for water purification increasing the cost [36].

—1In 2017, a team from Hanyang and Shivaji Universities investigated the
effect of structure, morphology and chemical doping of metal oxide
(ZnO) on its photocatalytic activity and experiment it towards the
degradation of methyl orange. At low temperature a facile and
template free reflux method has been used to synthesize ZnO
nanostructures for the morphology control of cubes, maize corn seeds
and rods, finding the ZnO maize corn seed shaped shows the superior

photocatalytic activity which offering smaller crystallite size and
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more intensity of polar plane (002) that may provide more active sites
for photocatalytic reactions. Then enhanced the photocatalytic
activity by 0.5 mol% Cu ions substituting in maize corn seeds.
However, the band gap of ZnO nanostructures increased from 3.38 to
3.46 eV because of Cu provides free carriers which shift the Fermi
level meaning degradation process will occur under UV light
illumination [37].

—In 2017, Multi ferrocenylimines compounds were synthesized and
investigated their antibacterial properties against twelve different
bacterial strains, finding that the most active ferrocenylimines
compound was compound 3 which is N-(3-bromo-5- chlorosalicyl)-
4-ferrocenylimine with a Minimal Inhibitory Concentration (MIC)
value of 0.30 mg/ml against S. sonnei. On the other hand, further
studies are essentially to investigate the toxicology of ferrocenylimine

compounds [38].

2.1 Novelty of this work:

Bacterial infectious diseases are a serious health problem that has drawn the
public attention worldwide as a human health threat, which extends to
economic and social complications.

This research will investigate how naked ZnO and ZnO/ Anthocyanin
catalysts can deactivate both G -ve K. pneumoniae and G +ve S. aureus
bacteria under simulated sun light for the first time. As G +ve S. aureus

bacteria have thicker cell walls, but G -ve K. pneumonia bacteria are more
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resistant due their capsule nature, both types of bacteria will be investigated
here comparatively for the first time. The ability of both bacteria to be
deactivated and completely mineralized by different ZnO photo-catalyst
systems, under different conditions will be assessed here.

ZnO NPs have been used by researchers as antibacterial materials. Two
researches at ANU worked on ZnO NPs. Ateeq [48] investigated
Anthocyanin sensitized ZnO catalyst in water disinfection from G -ve (E
Coli) bacteria, while Ishtaiwa [49] used ZnO NPs in photo- degradation of G
—ve (E Coli and P. aeruginosa) bacteria exposed to solar sun light containing
UV radiation. TOC analysis was studied. Un like earlier literature [29-38].
An-Najah group have deactivated the G -ve bacteria and totally mineralized

their organic content into mineral species.
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Chapter 3

Materials and Methods
3.1 Materials.

3.1.1. Zinc Oxide.

Two types of ZnO particles were used, commercial powder (catalog no.
205532) was taken from (Sigma Co.) and directly used for photo-
degradation of water samples or treated for sensitization. Synthetic ZnO
was prepared from zinc acetate from (Sigma Co.) and sodium hydroxide
from (Frutarom Co.). Both ZnO powders were used to prepared

ZnO/Anthocyanin systems.

3.1.2. Anthocyanin Dye.

Anthocyanin dye was extracted from the flower petals of Hibiscus tea
(karkade) in ethanol and supported onto ZnO particles to form the dye-

sensitized photo-catalyst. Karkade was purchased from local markets.

3.1.3. Bacteria.

Both G +ve S. aureus and G —ve K. pneumoniae bacteria were chosen as
examples of species for test disinfection mechanism of Zinc Oxide. These
bacteria were isolated from clinical specimens and obtained from Medical

Laboratory Sciences Department at ANU.
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3.1.4. Other Chemicals.

Ethanol, sodium hydroxide and hydrochloric acid were all purchased from
either Aldrich-Sigma Co. or Frutarom Co. as analytical grade, and were used
as received without further purifications. Nutrient broth was purchased from
Hi Media Laboratories Pvt. Ltd, India and nutrient agar was bought from
Becton, Dickinson and company Sparks, USA, which were used for bacteria

culturing and treatment.

3.2 Instruments.

3.2.1. UV-Visible spectrophotometry.

A Labo Med, Inc. 1601spectrophotometer was used to measure bacterial
concentration. Quantitative determination of bacterial concentration was
performed using turbidometric methods. By measuring the amount of light
that passed through a suspension of cells. More cells have more turbidity
and more turbidity means less light passing through the suspension.
Working at 630nm wavelength and at absorptivity range (0.08-0.1) means
having initial bacterial concentration equal 1.5 * 108CFU\mL and this
according to 0.5 McFarland standard turbidity [39].

Solid state UV-Visible electron absorption spectra were measured for ZnO
and ZnO/Anthocyanin systems and Anthocyanin dye concentration before
and after sensitization. Measuring concentrations of Anthocyanin dye was

performed at 550 nm wavelength.
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A shimadzu UV-1601 spectrophotometer, equipped with a thermal printer
Model DPU-411-040, type 20BE, was used. For solid ZnO particles, the
spectra were scanned on 0.1 g of catalyst was suspended in 50 ml distilled

water.

3.2.2. PhotoLuminescence Spectra (PL)

Prepared ZnO systems were characterized using fluorescence spectra. A
Perkin-Elmer LS50 Luminescence Spectrophotometer was used to measure
the emission fluorescence spectra. Catalyst (0.1 g) was suspended in 50 ml
distilled water. The samples were excited by a suitable wavelength (350
nm). Emission spectra were used to calculate semiconductor catalyst band
gaps which were compared with literatures values [22-25]. The spectra were
studied for naked and sensitized ZnO systems (prepared nanoparticles and

commercial ones).

3.2.3. Sun Light Simulator.

A MEDIUM 536p lamp was used as sun irradiation simulator with Lamp
36V\ max 400 W to fix amount of light intensity on samples at constant time.
Moreover, the wave length passing through polluted water was controlled,

S0 as get more accurate results.

3.2.4. Lux-meter.

A Lux-meter (Lx-102 light meter) was used to measure the intensity of

radiation at the tested polluted water to determinate the efficiency of both
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naked and sensitized catalyst. The recorded value was ~ 100000 lux (similar

to solar light intensity).

3.25. XRD.

X-ray diffraction was used to determine crystallinity of the catalyst. It is
primarily used for distinguishing between amorphous and crystalline
material and quantification of the percent crystallinity of a sample. The XRD
patterns of the powdered samples were recorded using Philips XRD XPERT
PRO diffractometer with CuK with X-ray wavelength (A = 1.45 A). The

analysis was kindly performed at UAE University, Al Ain, UAE.
3.26. SEM.

SEM images of the samples were taken using a Jeol Model JSM-6700F. The
analysis was kindly performed at UAE University, Al Ain, UAE.

3.2.7. TOC.

The Total Organic Carbon (TOC) as equivalent of water organic content was
used to evaluate the mineralization degree of treated aqueous solution. The
decrease of solution TOC means the conversion of organic matter present in
the solution to CO;mainly by free radicals generated in the process.
Inorganic carbon was determined by acidification the sample by 1 %
hydrochloric acid before injection and organic carbon was measured by
burning the sample ~at 800 °C. The Total Organic Carbon (TOC) was
measured using a SHIMADZU Model TOC-L CSH\CSN. Each
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measurement was repeated three times, and the result is calculated from the
average of the two closest values. The analysis was kindly performed by
Faculty of Agricultural Science and Technology at Palestine Technical

University.

3.2.8. pH Meter.

Controlling pH values for experiments and extracted dye to determine the
amount of dye stuck on the surface of the catalyst, this by measuring the

concentration of dye before and after sensitization process.

3.2.9. Thermometer.

A simple mercury thermometer was used to measure temperature during

preparation and deactivation processes.

3.2.10. Other devices.

Centrifuge scientific Ltd model 1020 D.E, Vortex, Incubator, Micropipette,

Autoclave and Glasses.

3.3 Preparations.

3.3.1. Preparation of ZnO NPs.
Synthesis ZnO NPs by precipitation method was achieved as follows:

Agueous solution (0.45 M) of zinc acetate (Zn(CH3COy),) was prepared by
dissolving 15.231 g in 150 mL distilled water. The solution was then diluted
to 250 mL in a volumetric flask. An aqueous solution of 0.9 M sodium

hydroxide (NaOH) was prepared by dissolving 9.0 g NaOH in 200 mL
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distilled water, and the solution was then diluted to 250 mL in a volumetric

flask. The NaOH solution was then poured into a 500 mL beaker and heated
to 55-60 °C. The Zn(CH3CO), solution was added drop wise over a period
of 40 minute, to the heated NaOH solution under medium speed magnetic
stirring. The beaker was covered by glass dish for 24 hours to make sure that
white fine ZnO NPs precipitated. Then water was removed by decantation.
The precipitate was washed several time with deionized water and ethanol
to remove all ions which might be stuck on its surface and then dried under
air at about 60 °C over night [84].

3.3.2. Anthocyanin Dye Extraction.

Dried (karkade) plants flowers (40 g) were crushed into small pieces and
drenched with 100 ml ethanol and few drops of concentrated HCI with
continuous magnetic stirring for 1 hour. The extracted dye was then filtered,
and acidified at pH < 1 to make it stable [64]. The extracted dye (later used
to sensitize both synthesized and commercial ZnO powders) was then stored

in a dark-color glass flask for further use.

3.3.3.  Zinc Oxide/Anthocyanin Dye Preparation.

ZnO NPs (10 g) were mixed with 100 mL of 76x10° mol\L extracted
amount of Anthocyanin dye, then stirred magnetically for 30 min. in a 250
ml volumetric flask at room temperature. The mixture was then covered and
left in the dark overnight to precipitate the resulting solid. The solid was then
centrifuged and dried in air away from light for further applications. Both
commercial and synthesized ZnO were treated with Anthocyanin as

described above [48].
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3.3.4. Preparations related to bacterial treatment.

Both G +ve S. aureus and G -ve K. pneumoniae were obtained from Medical
Laboratory Sciences Department in ANU. Cultures of both types were
prepared similarly. Nutrient agar was used as growth medium for measuring
the remaining bacteria after the photo-degradation process. Nutrient agar
was prepared according to manufacturer instructions and poured in Petri
dishes after being autoclaved. Nutrient broth was used for micro-organisms
inoculums preparation. It was also prepared according to manufacturer
instructions and 5 ml of nutrient broth were poured in several test tubes.
Normal Saline solution (0.9 %) was prepared by dissolving 9.00 g of NaCl
salt in 1000 mL distilled water. 9 ml samples were taken and placed in each
test tube. The saline solution was used to prepare fold dilutions of bacteria
in polluted water samples to count bacteria. All prepared nutrient agars,
nutrient broth tubes and normal saline tubes were autoclaved at 121°C under
1.5 atm, and saved in cold condition(~4°C) for further analysis. For bacterial
preparations, a few colonies were put in 5 ml nutrient broth tube and
incubated for 2-4 hours at 37° C. Then the sample was analyzed by using
UV-Visible spectrophotometry at 630 nm wavelength. Growing bacteria
were diluted until device reading was in the range (0.08 - 0.10). Thus,
McFarland concentration was obtained and the concentration of bacteria is
assumed to be 1.5 x 108 CFU/mL [39]. In all experiments 1x 10° CFU/mL
bacterial concentration was treated. This concentration was obtained by the

following equations:
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(Molarity; X Vol.;) conc.= (Molarity, X Vol.,) dil. (1)
(1.5 X 108 CFU/mL, X Vol.;) conc. = (1x 10%, X 50mL,) dil. (2)
Vol.1 taken from concentrated bacterial solution = 0.330 mlL.

* Where, Moarity; is McFarland concentration which obtained by UV—
Visible spectrophotometry at 630nm wavelength (1.5 x 108 CFU/mL).

*Vol.; is taken from McFarland concentration.

* Molarity, is needed bacterial concentration to be treated in 50 mL
sample.

*Vol., is sample volume (50 mL) [48-49]
3.4 Methods.

3.4.1. Experimental steps for disinfection of bacteria.

As in Fig. (3.1) each beaker contained 50 mL autoclaved distilled water. The
first was called control sample which contained only bacteria. The second
beaker contained bacteria treated with naked ZnO or ZnO/Anthocyanin.
Two beakers were treated under sun simulated light and two beakers were

treated in dark.
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Experimental steps for disinfection of bacteria

50 mL dis. water 50 mL dis. water 50 mL dis. water 50 mL dis. water
with gatalyst - ctend with catalyst
alone alone
condition Dark condition
1mb Imt
1mL Saline tubes 1mL
imL imbL ImL ImL
ImL 1mL 1mL iml| im | iml R o
W\ 7
0dmL 0.1mL 0.1mL
0.1mL

Figure (3.1): Experimental steps for bacterial deactivation by using several catalyst

systems.

Finally, for all experiments and at the end of selected time, 1000 pL of each
treated sample was withdrawn using a micropipette and diluted in a series
of saline solution tubes with different dilutions (0.1, 0.01, 0.001 dilutions).
From each diluted, aliquots of 0.1 mL were taken by yellow tip and were
spread on two nutrient agar Petri dishes using bent glass rod, then incubated
for 24 hrs at 37 °C. After incubation, the bacteria were grown and colonies
in each plate were counted using plate count method, only plates which have
colonies between 30 and 300 colonies were considered. The average number
of each two plates for each dilution was calculated and the bacteria
concentration as CFU/mL unit was reported according to the following

equation:
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Bacterial conc. = Average number of colonies X Dilution factor x 10  (3)

The deactivation percent = (Conc.im-tl-al— Conc.final ) + Conc.iptiar X

100% (4)

—Where, conc.initial 1S bacterial initial concentration.

— CONC.inal 1S bacterial final concentration.

The initial concentration was taken from the control samples, and the final
concentration was taken from treated samples with ZnO types. These

experiments were tested for both G +ve S. aureus and G —ve K. pneumonia.

Cutting-off experiment was done by using light cut-off filter which
eliminated ~4% of UV-light found in sunlight simulator. The 400 nm and
shorter wave lengths were removed. This was done on three samples: the
first contained bacteria only, the second was naked 0.1 g ZnO with bacteria
and the third was 0.1 g ZnO\Anthocyanin with bacteria. This experiment
was made to distinguish between both naked and sensitized ZnO efficiencies

against bacteria under visible light with no UV [48,49].

3.4.2. Impact of different parameters on bacteria mineralization.

The impact of different parameters on photo-mineralization efficiency were

studied as the following: -
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3.4.2.1. Impact of time.

At the beginning, several periods for bacterial deactivation were tested. Then
15 min and 60 min were chosen. After 15 min the differences between two
ZnO systems were observed. After 60 min total bacterial deactivation was
achieved. As aresult, different reaction times (15, 60 min) were tested with
constant 0.1g catalyst amount and 1x108 CFU\mL bacterial concentration at
temperature 30°C and pH~ 7. This was done for ZnO and ZnO\Anthocyanin
against S. aureus and K. pneumoniae respectively under irradiation using

sun light simulator.

3.4.2.2. Impact of catalyst amount.

low catalyst loadings, for economic purpose were used. (0.0,0.025, 0.05,
0.10) Gs were varied for samples with using two types of catalysts, naked
and sensitized ZnO at different times (15, 60) min with constants bacteria
concentration 1x10%° CFU\mL, at 30°C and pH~ 7 under irradiation using

sun light simulator.

3.4.2.3. Impact of bacterial concentration.

Different concentrations of bacteria (1x10°, 0.50x107, 1x107, 0.50x108
CFU\mL) were studied. This was to study the impact of increasing bacterial

concentration on the mineralization efficiency.
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3.4.2.4. Impact of stirrer type.

Three different stirring types were used. The first was without moving the
sample, the second sample was stirred with shaking and the third was
magnetically stirred. Thus, the influence of movement on deactivation

process was studied.

3.4.2.5. Impact of pH and Temperature on catalyst efficiency.

By taking Ateeq and Ishtaiwa work into consideration and some literature
review related to the bacteria growth conditions, pH and Temperature were

used [48,49,51,52].

3.4.2.6. Catalyst recovery and reuse.

After the first photo-mineralization process was complete, the treated
solution was autoclaved and the catalyst was decanted from water. It was

then washed with water several times, and reused for second time.
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Chapter 4

Results and Discussion

4.1 Introductory Remarks.

Main goal for this research was to disinfect water by complete deactivation
and mineralization of a G +ve (S. aureus) and G —ve (K. pneumoniae)
bacteria by using low cost, safe method accomplished with solar light.
Naked ZnO and ZnO modified with natural Anthocyanin dye were prepared.
Both systems were characterized using PL, Electronic Absorption Spectrum,
SEM and XRD instruments. ZnO systems were then used to catalyze the
photo-mineralization against G +ve (S. aureus) and G —ve (K. pneumoniae)
using simulated light. A cut-off filter experiment was done to check if
Anthocyanin dye impacts ZnO work in polluted water. Complete
mineralization of bacteria and their organic contents was tested by
measuring TOC in reaction mixture. Finally, factors impacting photo-
mineralization reaction and catalyst efficiency, such as illumination time,
temperature, pH, catalyst concentration, polluted concentrations were

investigated.
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4.2 Catalyst Characterization.

4.2.1. PhotoLuminescence Spectra (PL).

The photoluminescence (PL) emission spectra were measured for prepared
and commercial ZnO and ZnO\Anthocyanin NPs. The purpose is to find Egq
for each ZnO system and to find if sensitization process shifts E4 to left
(visible region). As shown in Fig. (4.1) PL spectra collectedat350 nm
excitation wavelength and maximum wave lengths (nm) were remarking in

spectra for each system.

PhotoLuminescence (PL) spectra for ZnO NPs

naked ZnO commerial

386nm

3.5 naked ZnO prepared
378.5nm

,\_3 / 378.5nm ZnO/Anthocyanin

3 5 / a8 commerial

E % 384.5nm ZnO\Anthocyanin prepared

>

= 2

c

35

=

ol

0.5

0

365 385 405 425 485 505 525 545

445 465
Wavelenght(nm)

Figure (4.1): PhotoLuminescence (PL) spectra of 0.1 g ZnO NPs dispersed in 50 mL
distilled water under 350 nm UV excitation wavelength, for prepared and commercial,
naked and sensitized ZnO NPs.

By using equation (Eg (eV) = hc+ Amax (nm)) and intense emission
peaks shown in Fig.(4.1), the E4 values for ZnO systems were calculated, as

summarized in Table (4.1).
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Table: (4.1) Wavelengths(nm) found on highest point in PL spectra and

energy Band Gap determined by E4 equation, for ZnO systems.

Naked Naked

commercial orepared Commercial Prepared
Zn0 Zn0 ZnO\Anthocyanin ZnO\Anthocyanin
Mnm) 386 378.5 384.5 378.5
Eq(eV) 3.21 3.28 3.22 3.28

As in Table (4.1) both naked ZnO systems give (3.21, 3.28 eV) Band Gap
values. Our results are within the literature range of ZnO (3.2-3.37 eV) [22-
25]. However, sensitization ZnO with Anthocyanin dye does not lower Eq to
the visible region as expected and this is clear in Table (4.1). E4 gives
indication about particle size [82]. When Eg4 value increase, particle size
decrease. As in Table (4.1) prepared catalysts have smaller particle size than
commercial catalysts, with smaller Egvalues. Moreover, this is important for
bacterial deactivation. Prepared catalyst is considered more efficient due to
having smaller particles and larger relative surface area available for

deactivation process.

4.2.2. Electronic Absorption Spectra.

Electronic Absorption Spectrum was measured for naked commercial and
prepared ZnO, and for commercial and prepared ZnO/Anthocyanin catalyst
suspensions. Fig. (4.2) shows the spectrum and maximum wave length (nm)

for each of these materials.
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Electronic Absorption Spectra for ZnO suspensions
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Figure (4.2): UV-VIS absorption characteristics of ZnO NPs systems dispersed in 50

mL distilled water.

As shown in Fig. (4.2) prepared ZnO NPs give absorbance peak at (369 nm).
Compared with commercial ZnO (374.5nm), the prepared catalyst has
smaller size. These results are consistent with literature [82]. On the other
hand, absorptivity™ indicates ability of the catalyst in absorbing incident
photons, with high absorptivity of prepared ZnO reach (3.06 a.u.) compared
to commercial catalyst (1.843 a.u.). Prepared ZnO is thus expected to be
more efficient in photo- mineralization reaction due to its ability to absorb
photons than other systems. Its ability in bacterial deactivation is expected
to higher.

For sensitized systems no absorption band appeared in region (530-560) nm
related to Anthocyanin dye [83]. As a result, only little Anthocyanin dye
molecules were stuck on catalyst surface where the color of white powder

catalyst was converted to purple after sensitization process.



35
4.2.3. SEM Results.
Both naked commercial and prepared ZnO were studied using Scanning

Electron Microscopy. This was to study particle nature and morphology. The

results are shown in Fig. (4.3):

SEI. 20KV WD15mmSS30 w00 B —— Sl 200V WD1smm§EH0 1
sample 0 Mar 08, 2017 Sample w 0 L dWar 08, 2017

Figure (4.3): SEM images for solid ZnO powders (a) commercial, (b) prepﬁred.
The Fig. (4.3) shows agglomerates of (rice shape). The pictures confirm the
formation of ZnO NPs and approximate spherical shape of nanoparticles
inside the agglomerates. Each agglomerate involves a number of nano-size
ZnO particles bound together. By comparing two powder SEM images,
prepared ZnO has smaller particle or agglomerate size than commercial
powder. This means that synthetic ZnO has more surface area and its

catalytic efficiency in bacterial deactivation will be higher.
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4.2.4. XRD Results.

The average crystallite sizes of the samples were calculated by Debye
Scherrer's equation Dp=0.94A\Fcos@, using the full width at half maximum
of the X-ray diffraction peaks Where, Dp = Average Crystallite size, p =
Line broadening in radians, 6 = Bragg angle, A = X-Ray wavelength [65]. As

in Fig. (4.4) XRD patterns for both commercial and prepared ZnO NPs were

studied.
14000 XRD patterns for ZnO NPs systems
— 101
12000 - XRD patterns of commercial ZnO
NPs
10000 - === XRD pattern of prepared ZnO NPs
=
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Figure (4.4): XRD patterns for ZnO NPs systems.

As in Fig. (4.4) all the diffraction peaks are well indexed to the hexagonal
ZnO wurtzite structure [45]. Diffraction peaks corresponding to possible
impurity were not found in the XRD patterns, confirming the good purity of
the synthesized ZnO as it did not contain any XRD peaks for other than ZnO
peaks. Moreover, the line broadening of the XRD peaks indicates that both

ZnO powders consist of particles in nanoscale.



37
Table (4.2) summarizes Crystallite size in D (nm) for both commercial

and prepared catalysts. Based on Debye Scherrer's equation [65].

Table (4.2): Average crystallite size of commercial and prepared ZnO

calculated by XRD.

X-ray Crystallite Crystallite size, D(hm)
diffraction peaks size, D(nm) for prepared ZnO
for commercial ZnO

(100) 32.07 13

(002) 33.34 21.62

(101) 32.84 19.56

(102) 24.34 9.69

(110) 23.6 11.81
Average 29.24 15.136

Table (4.2) shows that average crystallite size for commercial catalyst was
(29.24 nm) and for prepared catalyst was(15.136nm). Smaller size means
higher surface area of catalyst which increases its efficacy in disinfection of
polluted water. By these results we expect that prepared catalyst will be more
efficient than commercial catalyst in deactivating bacteria. Both SEM and
XRD results summarize the particle size for both ZnO systems. Both SEM
and XRD results show that prepared ZnO powder has smaller crystallite size

(15.136 nm) than commercial ZnO (29.24 nm).
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4.2.5. UV-Visible Spectra for Anthocyanin dye.
Fig. (4.5) shows absorption spectrum of the concentration of Anthocyanin
dye after and before used in sensitization process for commercial and

prepared ZnO NPs:
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Figure (4.5): Absorption spectrum, a graph of absorbance vs. wavelength(nm) in ethanol
for the concentration of Anthocyanin dye after and before used (a) commercial ZnO

sensitization, (b) prepared ZnO sensitization.

By using the Electronic Absorption Spectrum [46, 81], dye concentration can
be determined. Using Beer-Lambert law for absorbance, A = € X1 x (

* Where, A is the amount of light absorbed by Anthocyanin. A is
highest value of absorbance taken from Absorption spectrum graphs in
Fig. (4.5).
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* ¢ is the molar absorptivity. For Anthocyanin dye=7.11 x10* m?.mol_.
* | is the distance that the light travels through the solution = 78.5x10%* m?2.
*C is the concentration of the absorbing species per unit volume.
Table (4.3) summarizes the concentrations of Anthocyanin before and after
using it in sensitization of ZnO systems. Number of dye molecules attached
onto catalyst particles was then calculated. Number of molecules per Zn

atom was then calculated for each sensitized catalyst system.

Table (4.3): Concentrations of Anthocyanin dye before and after

supporting on ZnO powders.

i Concentration
Anthocyanin dye (mol\L) x10° Dye Molecules /Atom Zn
Before prepared ZnO
e 75
sensitization
After prepared ZnO 40 0.5x10°
sensitization
Before commercial ZnO
e 76.5
sensitization
After commerc_lal Zn0O 56 0.293x10°
sensitization

As in Table (4.3) the dye amount taken by prepared ZnO NPs was more than
commercial ZnO. As shown before by PL, SEM and XRD results, prepared
catalyst has smaller size than commercial. As a results, the efficiency of
dying process on prepared catalyst will be higher, as confirmed by Table
(4.3) results. 0.5 x10° molecule of dye was absorbed per one atom of
prepared Zn. This is higher than in commercial catalyst which absorbed
0.29x10 ° molecule dye for one Zn atom. Anthocyanin is expected to
increase the catalyst ability to produce extra free radicals in the visible
region. As aresult, catalyst with more dye more values will be more efficient

in bacterial disinfection in the visible range.
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4.3 Simulated Solar Irradiation Experiments.

Both naked ZnO and ZnO/Anthocyanin catalysts were used against G +ve
S. aureus and —ve K. Pneumonia bacteria under solar simulated radiations.
Performances of both catalysts were found and compared together with QY,
TF and deactivation percent which are simply calculated by following

methods [47]:

v Quantum Yield (QY):

_ Number of bacterial colonies found experimentally

Number of incident photons (n)

Where n,

E XA
CXh

n=

Where, (E) Energy, (A) Wavelength, (C)Speed of light, (h)Planck's

constant.

Energy = Watt per area X Time per second.

v" Turnover Number (TN):

_ Number of deactivated bacteria
B Atoms of ZnO

TN

TF =
Time

. . No.of deactivated bacteria
v Deactivation percent = [ !

] X 100%

No.of initial bacteria
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4.3.1. Impact of time on bacteria deactivation.

Fig. (4.6) illustrates the influence of exposure time on the deactivation
percentage of (1x10° CFU\mL) of both G +ve S. aureus and G -ve K.
pneumoniae bacteria treated by 0.1 g of (both naked and sensitized ZnQO) in
separate experiments under light.

a-Time Influence on gram -ve b- Time Influence on gram +ve
K.pneumoniae disinfiction S. aureus disinfiction
yppin light I 100 n.light -

100
90
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40
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o O
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w deactivatpnw
o O

o

Light with

. . - ] Light with ZnO naked
Light with ZnO naked Light with ZnO\Anthocynine

#15 min.  ZnO\Anthocynin # 15 min.
Figure (4.6): Influence of exposure time on the deactivation percentage of (1x10°

CFU\mL) bacteria, catalyst loading 0.1 g at 30 °C under light (a) K. pneumonia bacteria,

(b) S. aureus bacteria.

Fig. (4.6) shows that after 60 min all bacteria (K. pneumoniae bacteria and
S. aureus bacteria) were completely deactivated. Therefore, shorter
exposure time (15 min) was necessary to compare the effectiveness of naked
and sensitized ZnO systems. The deactivation percent of naked ZnO was
still 1200% compared to ZnO\Anthocyanin which declined to only 43% after
15 min for S. aureus treatment. The deactivation percent of K. pneumoniae
bacteria treated with two catalysts was almost the same after 15 min.
Unexpectedly, Anthocyanin dye lowered the efficiency of ZnO particles
against S. aureus bacteria. This could be due to screening effect of

Anthocyanin dye particles on active sites of ZnO, and shielding them away
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from incident light. So ZnO efficiency toward bacteria decreased when

using the dye.

Fig. (4.7) shows the influence of exposure time on the deactivation
percentage of (1x10° CFU\mL) of both G +ve S.aureus and G -ve K.
pneumoniae bacteria using0.1 g of (both naked or sensitized ZnO) in

separate dark experiments.
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Figure (4.7): Influence of exposure time on the deactivation percentage of (1x10°
CFU\mL) bacteria, catalyst loading 0.1 g at 30 °C in dark (a)K. pneumonia bacteria,

(b)S. aureus bacteria.

As shown in Fig. (4.7) the deactivation percent was still high between (100
-91) % for both bacteria after 60 min. The percent decreased to ~ 37% for
both catalysts in dark experiments for G +ve S.aureus after 15 min, whereas
deactivation for G -ve K. pneumoniae is still high in dark with percentages
around 90%. Detailed mechanism in dark for ZnO NPs work is still not known

yet. Most widely accepted mechanism assumes changing in bacterial
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membrane permeability and dissipation as a result of accumulation and
attachment of ZnO NPs on the bacterial membrane [67, 74].

Tables (4.4, 4.5) summarize values of quantum yield (QY), turnover
frequency (TF) and deactivation percent of (1x10® CFU\mL) of both S.
aureus and K. pneumoniae bacteria using 0.1 g of naked ZnO in light and
dark for (15, 60) min.

Table (4.4): Values of QY, TF and deactivation percent for different
exposure times. All experiments were done using 0.1 g of naked ZnO
against S.aureus (1x10® CFU\mL) at 30°C.

deacl::?/égd T'.: * (.)f
Bacteria QY x10%° (min’ bacterial
6 Hx10° deactivation
(CFU\mL)x10
Time
15 60 15 60 15 60 15 60
(min.)
Zn0O
in 0.21 0.03 0.15 | 0.005 [0.01 [0.0004 100 100
light
Zn0O
in 0.16 0.53 0.11 |0.094 [0.01 |0.0071 37.6 94
dark
Light | 78 | .97 0.56 | 0.175 |0.04 |0.013
only
Dark™ 1458 | 0.44 0.42 |0.079 |0.03 |0.006
only
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Table (4.5): Values of QY, TF and deactivation percent for different
exposure times. All experiments were done using 0.1 g of naked ZnO

against K. pneumoniae (1x106 CFU\mL.) at 30°C.

No. of " 0 .
ractivated bacteria QYx10™1 TFx(lrg'AQ ) /Odg:gsg{fg'nal
(CFU\mL)10™

. . 15 60 15 60 15 60 15 60

Time(min)

Zn0 0.57 | 0.017 0.41 0.031 | 0.031 0.00 100 100

in light

N0 0.36 | 0.98 0.255 | 0.176 | 0.019 0.013 84.5 99

in dark

I&:?St 0.43 | 0.982 0.31 0.33 0.023 0.013

oD:Iry 0.58 | 0.01 0.42 0.032 | 0.031 0.002

Tables (4.4, 4.5) show that OY and TF values. They were higher at the
beginning of treatment, due to higher bacterial concentrations, which
promoted more deactivation for both bacteria types. However, as the
reaction proceeded, bacterial concentration was lowered which caused
decrease in the deactivation percent per time unit. Another reason is also
possible. As reaction progressed, organic molecules resulting from
deactivated bacteria will become higher and catalyst functioned to
decompose both these organic molecules and the remaining survived
bacterial cells.

Both bacteria showed small resistance when treated with ZnO NPs meaning
after 60 min as both bacteria were completely deactivated (100%
deactivation) in light and dark as shown in Figs. (4.6, 4.7). After 15 min in
dark S.aureus showed more resistance than K.pneumonia, because
S.aureus's cell membrane is thicker than K. pneumoniae 's membrane and

S.aureus survived better in dark.
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4.3.1.a-TOC Results

By oxidizing organic carbon output from deactivated bacteria, the Total
Organic Carbon could be detected and quantified by calculating the amount
of oxidized carbon (CO;). As shown in Table (4.6) samples from
mineralization experiments (using 0.1g of naked ZnO) separately against
(1x108 CFU\mL) of S. aureus and K. pneumonia were taken after 3 hrs

treatment.

Table (4.6): TOC results for bacterial aqueous mixtures remaining
from experiment after 3 hrs treatment with 0.1 g of naked ZnO against

(1x10° CFU\mL) of both S. aureus and K. pneumonia in light and dark

at 30 °C.
TOC value (mg/L)
S. aureus K. pneumonia
With ZnO Without ZnO With ZnO Without ZnO
Light 0.634 49.84 29.74 54.23
Dark 39.25 39.5 40.09 39.25

Table (4.8) shows that for S. aureus experiments a clear decrease in organic
carbon occurred in light. The waste water treated with naked ZnO showed
TOC value0.634 mg\L compared to the sample without catalyst which
showed 49.84 mg\L for TOC (98.7% of organic matter were mineralized).
This big difference between the two values confirms that ZnO not only
deactivates bacteria, but also mineralizes their organic matters. However, in

dark, the TOC analysis gave almost the same TOC value~ 39 mg\L with and
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without using naked ZnO. The ability of ZnO catalyst in dark to form free

radicals is not possible.

On the other hand, TOC for aqueous mixtures of K. pneumonia bacteria
treated in light, with naked ZnO, was 29.7 mg\L decreasing roughly to the
half of the value of bacteria without treatment which 54.2mg\L (45.2% of
organic matter were mineralized). This means that after 3 hrs ZnO
deactivated all K. pneumonia bacteria, and partly mineralized them into
minerals and gases. While treatment in dark did not give significant
difference in values of TOC. This means that ZnO deactivated bacteria
without mineralization, in the dark. TOC results for control samples (without
catalyst) in light and dark condition for K. pneumonia show that organic
matter in dark is less than in light. This is because K. pneumonia bacteria
grows in dark more than in light, causing more consumption of water

organics. So less organics were found in dark.

4.3.2. Cutting off UV-light experiment.

Cut-off experiments were made to distinguish between activities of naked
and sensitized ZnO particles. A light cut off filter to exclude 400 nm and
shorter (UV light) was used. As a result, the bacteria were treated under
visible light only. ZnO/Anthocyanin activity should function in case of
visible light with cutting off filter. The naked ZnO NPs should show some
decrease in the catalytic efficiency with cutting off the UV light. As shown

in Fig. (4.8) cutting off experiments were done by using 0.1g of naked ZnO
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or 0.1g of ZnO\Anthocyanin in two separate experiments against (1x10°

CFU\mL) of both S.aureus or K. pneumoniae bacteria for 15 min.

Effect of absence of UV light ( by using cut-off filter ) on efficiny of sensitized

100
and naked ZnO
90
80
70
60
50
40
30

20
S. aureus with ZnO naked  S. aureus with ZnO\ Klebsiella with ZnO Klebsiella with ZnO\
Anthocynin m 15min. naked Anthocynin

% Of bacterial
deactivation

Figure (4.8): Bacterial deactivation using solar simulated light with a cut-off filter.
Experiments were conducted using 0.1g of naked ZnO or 0.1g of ZnO\Anthocyanin in
two separate experiments against (1*10° CFU\mL) of both S.aureusor K.

pneumoniae bacteria at 30 °C.

Fig. (4.8) shows, S.aureus deactivation percent decreased from 100% (by
naked ZnO NPs without filter) to 41% (with filter). This shows the
importance of ~5% of UV region present in sun light simulator and its effect
on ZnO efficiency. On the other hand, the deactivation percentage of the
same bacteria treated with ZnO\Anthocyanin was 42% without cut-off filter,
and 52% with cut-off filter.

However, for K. pneumoniae treatment no big difference appears between
the efficiency of two catalysts in cut- off experiments. Deactivation percent
by using naked ZnO was (92.5%) compared to ZnO\Anthocyanin (99%)
after 15 min. This means that Anthocyanin dye did not make high impact on
ZnO work in photo-mineralization against biological pollutants under

visible light.
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4.3.2.a-TOC results in cutting-off experiment for G +ve S. aureus.

To study impact of visible light only, three beakers with 50 mL water
polluted with 1x10° CFU\mL S. aureus bacteria were exposed to visible
light with wavelengths longer than 400 nm for 3 hrs. A cut-off filter was
used for this purpose. The first beaker was treated with 0.1g naked ZnQO, the
second with 0.1g ZnO\Anthocyanin and the third without catalyst. All
beakers contained bacterial solution with same concentration. The results of

cutting off UV-Light experiment are shown in Table (4.7).

Table (4.7): Total Organic Carbon calculated in cutting off UV-Light
experiment of 1x10° CFU\mL S. aureus mineralized by 0.1g of catalyst,

at 30 °C for3 hrs.

Without With 0.1g With 0.1g
catalyst(mg\L) ZnO\Anthocyanin(mg\L) naked ZnO(mg\L)
52.25 54.97 57.98

After 3 hrs, TOC results in Table (4.7) showed that both naked and
sensitized catalysts could not mineralize organic matters coming from
deactivated bacteria. All experiments showed comparable TOC values of
low mineralization for organic molecules. The results mean that ZnO cannot
form radicals necessary to mineralize organic stuff. Sensitization of ZnO
with Anthocyanin dye should increase the catalyst ability to form radicals,
but the results do not confirm that ZnO\ Anthocyanin cannot form radicals

to mineralize deactivated bacterial contents.
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4.3.3. Impact of naked ZnO catalyst loading.

lowering the loading of naked ZnQO is necessary for practical and economic
reasons. Impacts of this reduction on the deactivation percentage of 1x10°
CFU\ML (S. aureus and K. pneumoniae) in light and dark were studied. Fig.

(4.9) shows the results.

(a) Impact of using different weights (b) Impact of using different weights
of naked ZnO against K. pneumoniae
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Figure (4.9): Impact of catalyst loading on the deactivation percentage of S. aureus and
K. pneumonia (1x10% CFU\mL) after (15, 60) min at 30 °C in (a) light, (b) dark.

Fig. (4.9) shows that in light and dark, after 60min almost all bacteria (S.
aureus and K. pneumoniae) were deactivated by using 0.025g of naked ZnO.
However, deactivated percentages were lowered after 15 min to (81.8%,
68.7%) and (57%, 44.7%) when 0.05g and 0.025¢g of ZnO were used against
S.aureus and K. pneumoniae, respectively. By reducing the catalyst's weight
from 0.1 g to 0.025g catalyst can still remove more than half of bacterial

concentration found in water in15 min. This is good advantage for naked

ZnO efficiency.
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In dark after 15 min for both S.aureus and K.pneumonia bacteria, reducing
catalyst weight extremely impacted deactivation percent. The percentage
values ranged between ~ (48 - 5) %. This decrease is due to short treatment
time (15 min is not enough period for catalyst to deactivate in dark).
However, bacterial deactivation in dark is due to the redistribution of the
cell’s metabolic system by ZnO NPs as explained in literature. [66-74]. Tables
(4.8, 4.9) show values of QY, TF and deactivation percent calculated for
experiments tested using different naked ZnO loads against 1x10® CFU\mL

of (S. aureus and K.pneumoniae) in light after 15 min.

Table (4.8): Values of QY, TF and deactivation percent, for experiments
with different naked ZnO loading against 1x106 CFU\mL of S. aureus

in light after 15 min.

Catalyst No. of % Of
loading eactivated bacteria |Q Yx10?° TF (min*)x10° | bacterial
(9) (CFU\mL)x10° deactivation
0.10 0.214 0.154 0.011 100
0.05 0.175 0.126 0.020 81.8
0.025 0.147 0.11 0.031 68.7

Table (4.9): Values of QY, TF and deactivation percent for experiments
with different naked ZnO loading against 1x10° CFU\mL K.

pneumoniae in light after 15 min.

Catalyst No. of TF o Of bacterial

loading deactivated bacteria 15 i ng I
() (CFUML) x10° QYx10 (min™) x10 deactivation

0.10 0.57 0.41 0.031 100

0.05 0.324 0.232 0.035 57

0.025 0.255 0.183 0.055 44.7

As in Tables (4.8 and 4.9) for both bacteria types, increasing catalyst loading

showed higher deactivation percent. This by giving more active sites and
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higher total surface area of catalyst for bacterial deactivation. In Tables (4.8
and 4.9) QY values increase as catalyst weights increase with (0.154x10%,
0.126x10%, 0.11x10°%) and (0.41x107%, 0.232x10°%%, 0.183x10'%) when
0.1, 0.05 and 0.025 Gs were used against S.aureus and K. pneumoniae
bacteria, respectively. As catalyst loading increased more photons are used

for deactivation.

Tables (4.8 and 4.9), show that TF values decreased as catalyst weights
increased. This means that relative efficiency of the ZnO catalysts decreased
with higher loading. This is presumably to tendency of ZnO particles to

screen each from UV light.

4.3.4. Impact of bacterial concentration.

Impact of bacterial concentration of both S.aureus and K.pneumoniae on
bacterial deactivation was studied using 0.1 g naked ZnO in treatment
process. In Fig. (4.10), 0.1g of naked ZnO was used to treat different
concentrations of S.aureus and K. pneumoniae bacteria in separate

experiments in light or dark for 60 min at 30°C.
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The efficincy of naked ZnO toward different concentrations of S. aureus

100 and K. pneumonia bacteria for 60 min

90
80
70
60

50

% Of bacterial
deactivation

40

30

20

10

Light(S. aureus ) # | ight(K. pneumonia)
= Dark(S. aureus ) # Dark(K. pneumonia)

Figure (4.10): Impact of increasing the concentrations of S.aureu sand K. pneumonia
bacteria on the deactivation percentage using 0.1 g of naked ZnO in light or dark for 60
min at 30°C.

Fig. (4.10) shows that when the concentrations of both S. aureus and K.

pneumoniae bacteria increase the deactivation percentages decrease.

The results show that under light 69.56% and 80.5% of S.aureus and K.
pneumoniae, respectively, are deactivated in 60 min, from 0.5 x108
CFU\mL. The results are encouraging; as high concentrations are used. On
the other hand, in dark when bacterial concentrations became extremely high
the ZnO NPs efficiency disappeared and deactivation percent reached only
15%of 0.5 x108 CFU\mL of S. aureus.

Tables (4.10 and 4.11) illustrate values of QY, TF and deactivation percent
related to increasing bacterial concentrations of both (S. aureus and K.

pneumonia bacteria) using 0.1 g of naked ZnO in light for 60 min.
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Table (4.10): Values of QY, TF and deactivation percent of increasing

the concentrations of S.aureus using 0.1 g of naked ZnO in light after 60

min at 30°C.

Bacterial No. of ] . % Of

concentration | deactivated bacteria 16Q Y*10 1 T (8m " | bacterial

(CFU\ML) | (CFU\ML)x108 )x10 deactivation
1.0x10° 0.031 0.0056 0.0042 100
0.5x10’ 4.52 0.81 0.061 98.1
1.0x10’ 15.05 2.7 0.2 83.61
0.5x108 80.3 14.4 1.1 69.56

Table (4.11): Values of QY, TF and deactivation percent of increasing
the concentrations of K. pneumonia using 0.1 g of naked ZnO in light

after 60 min at 30° C.

Bacterial No. of TE % Of
concentration deactivated QYx10+16 (mint)x10°® bacterial
(CFU\mL) bacteria(CFU\mL)x10"™ deactivation
1.00x108 0.172 0.031 0.0023 100
0.50x10’ 3.49 0.63 0.047 92
1.00x10’ 4.05 0.73 0.055 87.5
0.50x10® 3.06 0.55 0.025 80.5

Tables (4.10 and 4.11) show that increasing in initial bacterial concentration
increases the values of QY and TF. When bacterial concentration increases,
more bacterial cells are deactivated on the catalyst surface and more
bacterial cells are lost. Even for lower deactivation percentage. The relative
efficiency of 0.1 g of catalyst increases with increasing initial bacterial

concentrations.
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4.3.5. Impact of Temperature on photo-mineralization reaction.

Different Temperatures do not impact ZnO\Anthocyanin works against
bacteria. Temperatures (20°C, 27°C, 37°C) did not impact the catalyst
efficiency [48]. Temperatures (26,28,30,32,34,36,38 °C) were tested on
naked ZnO [49].

For S.aureus bacteria, the suitable Temperature range for growth is between
7 to 48°C, with an optimum at 37°C [52]. However, reduction in the growth
of K. pneumonia bacteria happened at Temperatures >37 °C and their ideal
growth Temperature was 25° to 37° [50,75]. Literature thus confirm that
within the range (20-37 °C), the Temperature does not have impact on
bacterial deactivation. In this work, the Temperature 30 °C was used for
technical reasons. Due to exposure to light, water temperature stabilizes at
30 °C (slightly higher than room Temperature 25 °C). For this reason, we

used the 30 °C at which solution Temperature stabilized.

4.3.6. Impact of pH on catalyst efficiency.

Different values of pH did not impact ZnO\Anthocyanin catalyst. This is
reported in literature [48] where (5.0, 7.5, 8.7) pH values showed no impact
on the catalyst efficiency. Different values of pH (4.50, 7.04, 9.00) tested on
the naked ZnO efficiency showed no difference [49]. For S.aureus bacteria
growth occurred over the pH range of 4.0-10.0, with an optimum at 6-7
[52].For K. pneumonia bacteria growth, the ideal pH level is about 7.2

[51].Changing of water pH values within the ranges exist in nature, will thus
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not affect the bacterial growth or the efficiency of mineralization process.

Thus, the pH value used in all experiments here was 7.05.

4.3.7. The impact of stirring type.

As shown in Table (4.12) three types of stirring: medium magnate stirring,
shaking and no stirring were examined at dark condition for 30 min with
treated 2.01x10° CFU\mL of K. pneumonia bacteria using 0.1 g of naked
Zn0.

Table (4.12): Impact of stirring type on the efficiency of deactivation
2.01x10° CFU\mL of K. pneumonia bacteria in dark with 0.1g of naked
ZnO after 30 min at 30 °C.

Concentrations of growing bacteria (CFU\mL)
lagnetic stirring | Shaker No stirring
With ZnO naked 0.00 0.00 14x103
No catalyst 1.25x103 5.00 x103 132x10°
(control sample)
Bacterial deactivation percent 100 100 89.4

As in Table (4.12) shows highest efficiency for magnetic stirring. K.
pneumoniae considered as anaerobic bacteria [53] that it need no O, to grow.
By magnetic stirring and shaking it gains more O, by moving solution.
However, the magnetic stirring and shaking movement gave an excellent
performance with complete deactivation of bacteria by ZnO. For practical
purposes, shaking is the best to follow. Shaking of polluted water can be

achieved either with shaker or by natural motion (streams). Without motion
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bacteria dose not quickly reach ZnO surface effectively. Therefore, lower

deactivation percentage is observed in case of no stirring.

4.3.8. Catalyst recycling.

In catalyst recycling experiments both naked ZnO or ZnO\Anthocyanin
were reused for 3" time against 1x10% CFU\mL of S. aureus bacteria each
time for 60 min in light or in dark. At the end of the first run and after
autoclaving the treated sample (to make sure all bacteria were deactivated)
the catalyst was recovered and reused. The remains of 0.1 g of the catalyst
were taken and washed several times with distilled water, to remove all
possible organics. Then 50 mL of distilled water were added to the recovered
catalyst. Bacteria were added as described for fresh catalyst sample as shown
before, and the catalyst was ready for reuse. Fig. (4.11) shows the catalyst

recycling for 3™ time working on S.aureus treated with 0.1 g of naked ZnO.
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Figure (4.11): 0.1 g of naked ZnO or 0.1g of ZnO\Anthocyanin were reused for 3™ time
against of S. aureus (1x10° CFU\mL), for 60 min. at 30 °C (a) in light, (b) in dark.
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Fig. (4.11) shows possibility to reuse the catalyst for third time in light or
in dark, with deactivation percent lowering to 71% for ZnO\Anthocyanin
and 75% for naked ZnO in light. In dark, lowering to 60% for
ZnO\Anthocyanin and 45% for naked ZnO are observed. Some of catalyst
amount was lost during washing and decantation process, so the relative
deactivation percent is not significant. Mass of recovered ZnO was
calculated for fresh sample (0.1 g), first recovered sample (0.093 g) and
second recovered sample (0.073 g). relative activity (number of deactivated
bacteria / grams of ZnO) was then calculated for each case. Relative activity
remained constant for fresh catalyst, first recovered and second recovered.
The values in light were (0.22x108 per gram) in each case and in dark were
(0.44x10° per gram) for ZnO systems. For ZnO\Anthocyanin, the values
were (0.21x108 per gram) in light and (0.38x10° per gram) in dark. The
results show that the catalyst did not loss its efficiency on recovery for
second recovery. This shows the value of using the ZnO catalyst systems for

water disinfection.

Conclusion and Recommendations:

The results show that ZnO NPs can be effective catalyst to deactivate G +ve
S. aureus and G -ve K. pneumoniae bacteria in both dark and light
experiments. Under light, mineralization bacteria occur for S. aureus (99%)
and K. pneumoniae (45%), for the first time. ZnO catalysts can also be
recovered and reused for second time without loss of relative activity. The
results show the potential of using ZnO catalyst system in future waste water
disinfection. For future work, we suggest applying the ZnO catalyst against

other types of bacteria and other species such as viruses and algae. In
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addition to, studying the impact of presence some ions inside water which
may increase the turbidity such as Ca?* and Mg?* ions and its effect on the
water disinfection. Moreover, applying the ZnO catalyst on sewage water,
in cooperation with the Water Authority. The study should involve both
organic contaminants and microorganisms. Finally, this project could be
applied by create filter models which consist of ZnO insoluble powder,
shaped as discs and used as water faucet filter.

Results show that water disinfection from both types of G + and G- bacteria
can be achieved using direct solar light with safe, economic and available
nano- ZnO catalyst. In addition to killing the bacteria, total mineralization
of their organic content can be achieved, therefore, using the described
strategy in Palestine and other countries, in addition to, Pilot plant study on

naturally polluted water is highly recommended.
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