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Abstract

Semiconductors have been widely used in water disinfection and also used
in photodegradation of water-organic contaminants. Zinc oxide (ZnO)
semiconductor has a band gap (~3.2 eV). This wide energy gap makes it very
effective on microorganisms under sunlight. The ZnO can be activated with
the small fraction of UV solar light. It is cheap, stable and safe. In earlier
studies, ZnO particles were assessed in Kkilling gram negative bacteria (E.
coli) and (P. aeruginosa) followed by complete mineralization. In this
research, ZnO was used in photodegradation reaction as a catalyst for water
disinfection from Enterococcus (gram-positive bacteria) and Proteus
mirabilis (gram-negative bacteria). Killing and complete mineralization of
these two bacteria have not been examined before by photocatalytic systems,
to our knowledge. The photodegradation reaction was conducted under solar
simulator light. Zinc oxide was lab prepared from the reaction of zinc
chloride with sodium hydroxide; the prepared ZnO was characterized using
XRD, SEM, photoluminescence (PL) spectra, and electronic absorption
spectra. The energy gap was calculated and found to be 3.23 eV. The
efficiency of catalyst was assessed based on a bacterial killing percentage;

turn over frequency and quantum vyield. Effect of different parameters on



XV
reaction was studied at different periods of time for both Enterococcus and
Proteus mirabilis. About 100% degradation percent was achieved in 30
minutes under a light. Control experiments showed that using light and using
ZnO separately promote only small percentage of killing.
Other factors that affect photodegradation reaction and catalyst efficiency
such as pH, catalyst concentration, contaminant concentration and
temperature were studied and discussed.
High-performance liquid chromatography (HPLC) was used to determine
organic content in water. For both bacteria under photo-the HPLC results

confirm the complete photodegradation of bacteria.



Chapter 1
Introduction

1.1 Overview

The world faces lack of freshwater resources. Freshwater security is one of
the global environmental major problems of the 21% century [1]. While water
covers about 70 percent of the earth, only ~2.5 % of water volume is fresh,
two-thirds of fresh water is trapped in glaciers and snowfields. Only one
percent of it is accessible fresh water. A 0.77% of the planet's freshwater is
available for human consumption [2]. The population is expected to increase
to about 9 billion by 2050 [3] and so more people are expected to lack access
to water. Moreover, most of the available water resources are physically,
chemically and biologically polluted. With that, the water sources could be
a mode of transmitting diseases [4]. Therefore, many efforts have been made
to purify water and make it suitable for human consumption.

Disinfection can be physical, chemical or both. Physical disinfection of water
is usually done using sunlight, ultraviolet light (UV), microwaves radiation,
gamma radiation and both moist heat (autoclave, steam) and dry heat (flame,
baking). For chemical disinfection, many chemicals are used to eliminate
microorganisms and prevent water born diseases such as chlorine dioxide
(C10,), hypochlorite (OCl™), ozone (O3), halogens including chlorine (Cl,),

bromine (Br,) and iodine (I,), metal ions such as copper (Cu?*) and silver
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(Ag™), potassium permanganate (KMnQO,), alcohols, soaps, detergents,
quarternary ammonium salts, hydrogen peroxide [5].

However, the reaction of chemicals disinfectors with organic matter formed
disinfection by-products (DBPs). This issue was discovered in 1970’s,
therefore, it was necessary to find alternative disinfectants that are effective,
cheap and form no by-products [6] .

Remediation of water using semiconducting materials has been studied.
Semiconductors were widely used in killing microorganisms in water [7, 8].
However, recent researchers are heading to use semiconductors in
photocatalytic degradation of organic pollutants in water [7, 9]. The basic
mechanism for this remediation is based on the oxygen defects on the surface
of the semiconducting materials which when activated by photon irradiation
are used to destroy the organic contaminants. Zinc oxide semiconductor is
favorable catalysts as it has a wide energy gap that can be excited by solar

radiation [9].

1.2 Photocatalytic degradation

Photocatalysis can be defined as the acceleration of a photoreaction in the
presence of a catalyst. "Photocatalyst is a substance which is activated by
absorbing a photon and is capable of accelerating a reaction without being
consumed"[10]. Semiconductor particles commonly used as photocatalysts.
Semiconductors have the ability to treat organic contaminants in water in a
process known as advanced oxidation process (AOP) [11]. (AOP) mainly

depends on the formation of the highly oxidizing radicals (OH*). When
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oxidants (such as ozone or hydrogen peroxide) combine with ultraviolet
(UV) or visible (VIS) radiation and catalysts such as metal ions or
semiconductors, radicals are forms. The formed radicals can oxidize a wide

range of organic compounds to CO,, H,0 and others [12].

1.3 Semiconductor

A semiconductor is a material with electrical conductivity properties
between a conductor and an insulator, and the conductivity increases with
increasing temperature [13].

Semiconductors energy gaps are slightly small, and when they absorb
photons with energy higher than the energy gap, the electrons get excited
from the valence band to the conduction band leaving a holes in the valence
band, figure (1.2). These holes act as positive charges. The electron and hole

pairs exist and generate free radicals [14].

] Conduction band

} Valence band

Figure (1.1): Valence electron absorbs photon with energy higher than energy gap and goes

Energy
/

to the conduction band leaving a holes in the valence band in a semiconductor [15].

Various semiconductors are used as photocatalysts in photodegradation of

organic contaminants. ZnO is widely used because it is chemically stable,
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nontoxic, highly efficient and inexpensive. It has a wide band gap and can

be excited by UV irradiations [16].

1.4 Zinc oxide

Zinc oxide (ZnO) is a white soft powder inorganic material, insoluble in
water and soluble in acids or alkalis. It is used in many industrial applications
like in chemicals, rubber, paints, ceramics, glasses, cosmetics, food and so
many other industries [17]. Zinc oxide is a good material as a semiconductor;
it has been commonly used for its catalytic, electrical, optoelectronic and
photochemical properties. It has wide band gap about of 3.37 eV [18]. The
nanostructures of ZnO have many preferred features that make it good choice
for catalytic reaction processes as photocatalysis in wastewater treatment
under sun light. It has relativity large surface area, high UV absorption and
reflection with band gap same region of UV spectral, so that excitation
emission processes can persist at room temperature, high catalytic activity
and high anti-microbial activity [19].The physical and chemical properties
of ZnO are affected by the morphology of its nanostructures [20]. The rate
of photocatalytic degradation of organic pollutants depends on the particle
size and the surface area of the used catalyst [21]. Decreasing the size of ZnO
crystals will increase the number of particles and the ZnO surface area.
Increasing the number of catalyst particles will increase the number of
absorbed photons, at the same time, increasing the surface area of ZnO will
lead to absorbing more radiations and heighten reaction rates due to low

mass-transfer limitations [22].
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Zinc oxide can be characterized using different techniques. The size and the
type of ZnO particles are determined by X-ray diffraction (XRD). Scanning
electron microscopy (SEM) is used to describe the morphology, size and
shape of the particles. Other techniques using UV-Visible absorption
spectrophotometry and photoluminescence spectrometry are used for

determining the energy bands and the optical properties of the particles [23].

1.4.1 Zinc oxide crystal structure

The crystal structure of ZnO has unique arrangement of atoms. In crystals,
atoms are arranged in such a way that their positions are exactly periodic.
The structure of crystals can be described in terms of a lattice as shown in
figure (1.3). The crystal lattice involves mathematical points have the same
geometrical properties as the crystal. So the crystal structure is formed by

adding atoms to every lattice, [13].

Figure (1.2): Lattice points of space lattice in two dimensions.

The arrangement of atoms can be described in terms of its unit cell. The unit
cell is a small box containing locative arrangement of atoms, figure (1.4).
The unit cell is given by its lattice parameters, which are the length of the

cell edges and the angles between them [13].



wurtzite

Figure (1.3): Space lattice (zinc oxide wurtzite structure) [24].

A family of lattice planes is determined by three integers h, k, and |, and
called the Miller indices (hkl), each index indicate a plane orthogonal in
direction to (h, k, I). Hence, Miller indices are used to specify directions
and planes in crystals [13].
When a photon with wavelength comparable with the lattice space is incident
to crystal, it will diffract in directions differ from the incident direction. So
incident beam interfere with one another as they leave the crystal. The study
of the diffracted wave is used to study the structure of the crystal using W.
L. Bragg’s law as following: [25, 26].
2d sin 6 = nA (eq. 1)

Where, n = is an integer number of wavelengths

A = wavelength

2d sin 0 = the path difference

1.5 Disinfection mechanism

The photocatalytic mechanism utilizes the excitation of semiconductors to

form electron - hole pairs. When the electrons have enough energy they
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move from valence band to conduction band leaving holes in the valence
band. Electrons and holes move to the surface of the catalyst and react with
other substances [27].

The moved electrons have a reduction power and can react with oxygen
molecule to produce O,". The O, transfers through the water and becomes
HO" , and then produces H,O,. The holes (h*) have the oxidation power and
can react with surface H,O/OH™ to produce OH", the OH" also form H,O,
[28].

The h*, O,~, OH® and H,0, have oxidation effect on bacterial cells and can
reduce the chemical oxygen demand (COD) of waste water. They can
oxidize the organic pollutants into CO, and H,O as follows [27] :

ZnO + photon —h* + ¢~

H,O —h™+ OH~

h*+ OH™ -HO"

h* + H,O -H" + OH"

e +0, -0,

O, + h* -HOy

2HO,; —0;" + H,0,

H,O, + O, —-0OH+ OH + O,

H.O, + photon — 20H "

Organic + OH" + Oz — CO2 + H,0 + other productions.

The mechanism is shown in figure (1.4).
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Figure (1.4): Mechanism of photocatalysis [27].

1.6 Pathogenic microorganisms

Microorganisms are microscopic living organisms that surround us and can
be found in nature. They are too small to be seen by bare eyes and can exist
as contaminants in soil, air, food and water. Most microorganisms are
harmless and essential for human body vital processes. However, there are
also some microorganisms that cause diseases. These microorganisms are
called pathogenic microorganism [29].

In drinking water, pathogenic microorganisms can be divided into; bacteria,
fungi; viruses and parasitic protozoa. Bacteria are the most living things that
exit on earth. They exists single cell organisms and can be found in different
shapes. They exist as individual bacteria or in bacterial chains, bundles or

pairs [30]. Most bacteria use organic chemicals for their nutrition, while
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some others manufacture their own food by photosynthesis, or derive
nutrition from inorganic substances [31].

Bacteria are enclosed in cell walls that are largely composed of a
carbohydrate and protein complex called peptidoglycan. It can be divided
according to its structure into two types; Gram-positive bacteria (which have
thick peptidoglycan layer in their cell wall) and Gram-negative bacteria
(which have thin peptidogly layer sandwiched between an inner cell
membrane and an outer one). Comparing Gram-negative bacteria with Gram-
positive bacteria, Gram-negative bacteria are more resistant against antibodies
because of their impenetrable cell wall. Gram-positive bacteria are more

receptive to antibiotics due to the absence of the outer membrane [31].

1.6.1 Enterococci

Enterococci are Gram-positive bacteria that can be found in water, soil, and
plants. They can grow at a temperature range of 10 - 45°C and form
resistance to 60 °C. They grow in environments with broad pH values [32].
Enterococci have been considered pathogenic and cause a variety of
infections commonly in the urinary tract. They have high resistance to many

antibiotics that make treatment difficult [33].

1.6.2 Proteus mirabilis

Proteus mirabilis is a Gram-negative, anaerobic, rod shaped bacterium. It is

a serious cause of infections in humans. It is widely distributed in soil and
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water. Proteus mirabilis causes 90% of Proteus infections and can be
considered as a community acquired infection [34].
Proteus mirabilis bacterium produces urease. Thus, one of the common
symptoms of infection with Proteus mirabilis is that the patient's urine who
suffers from infections becomes alkaline. With no treatment, the increased
alkalinity will cause crystals to be formed as kidney stones. If the person is
treated with antibiotics for the infection, the bacteria that are found on the
kidney stones can lead to the reactivation of the infection [35].

Our approach to solve the problem is by totally killing and degrading

the bacteria using zinc oxide as phto-catalyst under sun light.

1.7 Objectives of this work

The main objectives of this study are:

1. Preparing nanoparticles of ZnO and use them as a catalyst in the
photodegradation of bacteria in water.

2. Using the catalyst systems in water disinfection by complete killing and
degradation of Enterococcus (G+v.) and Proteus mirabilis (G..e) bacteria
by using a low cost and safe method under solar light. This method is the
first time to be used for these bacteria.

3. Achieving complete mineralization of the two bacteria and their organic
contents in water. The resulting solution expected to contains no organic
compounds.

4. Determination the optimum factors and conditions that affect the

photodegradation reaction and catalyst efficiency. Such factors are:
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illumination time, temperature, pH, catalyst concentration, contaminant
concentration and dissolved organic and inorganic impurities.
5. Give a critical comparison between the two types of bacteria under the

photodegradation conditions.

1.8 novelty of this work

Bacterial killing by ZnO nano-particles is well known in literature. However,
killing and complete mineralization of the bacteria by photodegradation has
been studied recently:

1. Ateeq [36] used sensitized ZnO particles to kill and mineralize gram-
bacteria (E. coli) under both solar simulator and UV irradiation.

2. lIshtaiwa [37] used naked ZnO nano- particles to kill and mineralize gram-
bacteria (E. coli) and (P. aeruginosa) under UV irradiation from tail of
sunlight. Complete Degrading and converting bacteria to gases such as
CO3, N2, SO and H,O were documented.

The novelty of this work is to experiment ZnO semi-conductor against

new types of bacteria namely; Enterococcus (G.v.) and Proteus mirabilis (G.

ve). Complete photodegradation of these bacteria into mineral gas has not

been earlier studied to our knowledge.

1.9 Assumptions

This work is based on the following assumptions:
1. Two bacteria are expected to be killed by the ZnO nano-particles, as

known in literature.
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2. The organic contaminants that result from bacterial killing are expected

to be mineralized by light in the presence of ZnO particles (as catalyst).
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Chapter 2

Materials, Equipments and Methods
2.1 Materials

2.1.1 Chemicals

Zinc chloride, sodium hydroxide, barium chloride, sulfuric acid, 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. These chemicals were used in ZnO nano-particles

preparation or used for reaction and culturing preparations.

2.1.2 Bacteria

Two types of pathogenic bacteria were chosen to be tested in the research
experiments. Clinically isolated Proteus mirabilis was chosen as Gram
negative bacteria. Meanwhile Enterococcus faecium (ATCC 700221) was
bought to be representative of Gram positive bacteria. These two bacteria
were maintained and cultured on their selective media onto Petridishes to be

used later.
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2.2 Equipments

2.2.1 Irradiation source

In the photocatalytic experiments solar simulator light was used as visible
light irradiation source. Tungeston-halogen lamp (100000 Lux, 0.0146

W/cm2) was used as a Ilght source Flgure (2 1)

Figure (2.1): Solar simulator lamp (tungestun=halogen lamp) (100000 Lux, 0.0146

W/cm2).

2.2.2 Lux Meter

A lux meter (Lx-102) light meter was used to adjust intensity of the light that
reaches the water sample from the tungeston-halogen lamp in the

photocatalytic disinfection experiments.
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2.2.3 Spectrophotometer

A LaboMed, Inc. spectrophotometer was used to determine the concentration
of bacteria quantitatively, using turbidometric methods, and to adjust the

bacterial suspensions to 0.5 McFarland standard turbidity.

Figure (2.2): Spectrophotometer

2.2.4 pH Meter

A pH meter was used to adjust the reaction mixture pH as desired.

2.2.5 Thermometer

A mercury thermometer was used to measure the temperature.
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2.2.6 X- Ray Diffractometer (XRD)

A PANalytical X’Pert PRO X-ray diffractometer (XRD), with CuKa
(A=1.5418A) at UAE University, was used for XRD measurement and to

obtain the crystal size of zinc oxide nano particles.

2.2.7 Scanning Electron Microscope (SEM)

A Jeol-EO Scanning Electron Microscope at UAE University, was used to

measure the zinc oxide particles morphology.

2.3 Methods

2.3.1 Catalyst preparation

ZnO nano-particles were prepared by precipitation at room temperature as
follows: 0.45 M aqueous solution of zinc chloride (ZnCl,) was prepared by
dissolving 15.231 g in 250mL distilled water. Aqueous 0.90 M solution of
sodium hydroxide (NaOH) was prepared by dissolving 9.0 g NaOH in
250mL distilled water. NaOH solution was poured into a beaker and heated
to ~55 °C. Then ZnCl, solution was added over a period of 40 minute to the
heated NaOH solution under high speed stirring (magnetically). The beaker
was sealed at this condition for 2 hours. The white powder of ZnO nano-
particles precipitated, then the precipitate was cleaned with deionized water,

and then air dried and then calcinated at 450 °C for an hour in inferno air.



Figure (2.3): Preparation of Zinc oxide by adding zinc chloride to sodium hydroxide

solution.

2.3.2 Bacterial culture preparation

2.3.2.1 Nutrient broth

Nutrient broth was used for microorganism inoculum preparations. The
broth prepared according to manufacturer instructions by dissolving 20.0 g

of broth powder in 1.00 L distilled water then autoclaved.

2.3.2.2 Normal Saline solution

Normal Saline solution (0.9 %) was prepared by dissolving 9.0 g NaCl in
1000mL distilled water, then autoclaved and poured into sterile Perti plates.

The saline solution was used to prepare 10mL fold dilutions of contaminated
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water samples. The bacterial dilutions were cultured on nutrient agar, and
were used to achieve countable number of colonies on the nutrient agar

plates.

2.3.2.3 Nutrient agar

Nutrient agar media was prepared according to manufacturer instructions by
dissolving 28.0 g of powder in 1.00 L distilled water then autoclaved and
used as growth medium for testing the remaining non degraded bacteria after

the photodegradation process.

2.3.3 Photocatalyst characterization

2.3.3.1 X-Ray Diffraction

The ZnO particles size and crystal type were determined using (XRD). ZnO
nano-powder was exposed to X-ray beam in X-ray diffractometer to get the

XRD patterns. Figure (2.4).
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Figure (2.4): Sketch of x-ray diffractometer [38].

The obtained XRD pattern was compared with the published ZnO X-ray

diffraction. Figure (2.5)
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Figure (2.5): Reference X-ray diffraction of ZnO powder [39].

The crystal size was obtained using Scherrer's equation as follows [23]:

o
D= B cos6 eq (2.1)

Where, D = crystal size in A
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B = full width at half maximum of X-ray patern in radians
A = X-ray wavelength
C = correction factor
ZnO X-ray diffraction (XRD) patterns were measured at UAE
University; Al-Ain; UAE.

2.3.3.2 Scanning electron microscope (SEM)

SEM micrographs were measured on field emission scanning electron

microscope. SEM analysis was mesured at UAE University, Al-Ain; UAE.

2.3.3.3 UV-Visible Spectral Characterization

UV-Visible electron absorption spectra for the ZnO were measured on a
Shimadzu UV-1601 spectrophotometer. The spectra were scanned on small

amount of fine solid catalyst suspension in a quartz cell.

2.3.3.4 Photoluminescence Spectra (PL)

The prepared nanoparticle Zinc oxide was characterized using fluorescence
spectra. A Perkin-Elmer LS50 Luminescence Spectrophotometer was used
to measure the emission fluorescence spectra. A suspension of the solid was
placed in a quartz cell and was excited by a wave of length (325 nm). The

emission spectra was detected and used to calculate semiconductor band gap.

2.3.4 Photocatalytic study

For, gram — Proteus mirabilis and gram + Enterococcus, the

photodegradation reactions were carried out in 100 mL glass beakers. Each
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beaker contains 50 mL pre-contaminated water with known volume of

5x10°cfu/mL bacteria solution. The beakers were placed in a water-bath to

keep temperature constant and the aqueous bacteria suspension was
magnetically stirred.

For comparison, each experiment was controlled with four different beakers

with specific condition:

1- First beaker containing 0.1 g ZnO nano-particles with the contaminated
50 mL water with specific amount of becteria. The beaker was then
exposed to light source at specific intensity for 30 min at 30 °C.

2- Second beaker containing 0.1 g ZnO nano-particles was placed in dark to
check the effect of catalyst on bacterial growth.

3- The third beaker was similar to the second beaker composition; this
beaker was exposed to light without adding catalyst to examine light
effect on bacteria.

4- The fourth beaker was left without catalyst under dark condition and to
be used as control sample (reference).

Figure (2.6) shows photodegradation system of bacteria under light.

Figure (2.6): Photodegradation process of bacteria under light.
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2.3.5 Measuring the remaining concentration of bacteria

After a photodegradaion reaction cession, a 1.0 mL of the treated solution
was withdrawn using a micropipette and it was then diluted in a series of
saline solutions from 0.1 to 0.01 dilution factor. 100uL of each diluted tube
was cultured on two nutrient agar plates. After incubation of the plates at 37
°C for 24 hours, the average numbers of bacterial colonies in the two plates
were counted. The average concentration of bacteria in cfu/mL plates was
calculated using plate count method as follows:

Bacterial concentration (cfu/ml) =

number of counted colonies X dilution factor x 10 Eq. (2.2)

The percentage of killed bacterial was calculated as follows:
Bacterial initial concentration - Bacterial final concentration 100 % Eq. (2.3)

Bacterial initial concentration.

The initial concentration was known from the control samples.
Figure (2.7) shows the bacterial colonies of Proteus mirabilis bacteria on

nutrient agar plates after 24 hour of incubation at 37 ° C.



Figure (2.7): Proteus mirabilis bacteria after 24 hour, 37 ° C incubation of nutrient agar

plates.

2.3.6 Effects of reaction parameters on the photodegradation reaction

To study the effect of different parameters on the degradation reaction,
aliquots were taken from the reaction at time periods (5, 10, 15 and 30
minutes) and the concentration of the un-killed bacteria at each time was
measured.

Turnover frequency (TOF) and quantum yield (QY) was used to measure the
relevant efficiency of the catalyst amount and the light incidence on the
photocatalytic reaction.

TOF measured the number of bacteria that was destroyed by ZnO atom per
minute as follows:

TOF = # of lost bacteria " 1 Eq. (24)

# of ZnO atoms time (min)

# of ZnO atoms = 22015 (9) Avogadro's numbe Eqg. (2.5)

molar mass
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QY measured the number of bacteria that was destroyed per photons

absorbed as follows:
# of lost bactreia

Q.Y = # of photons Eq. (2.6)
# of photons (n) was calculated as follows:
Energy from solar simulator = n X% Eq. (2.7)

where (h) is Planck's constant, (c) is the speed of light

and (1) the wavelength of UV radiation was 550 nm

Radiation flux from solar simulator was 0.0146 W/cm?

For 50 mm diameter beaker,

Power = 0.287 Watt

The energy of photons in Joules was measured depending on the irradiation
time:

Power (Watt) = Energy (Joules) Eqg. (2.8)

Time (sec)

The photons that were used in photo-catalytic reaction were UV photons,

UV photons are only about 5% of the total irradiated photons

2.3.6.1 Effect of temperature

Photodegradation of bacteria using 0.1 g of ZnO under solar simulated light

was studied at different temperatures with different times.

2.3.6.2 Effect of pH

Photodegradation of bacteria using 0.1 g of ZnO under 29° C was studied at
different pH values (Acidic media, neutral media and basic media) at

different times.
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2.3.6.3 Effect of catalyst amounts

Photodegradation of bacteria under light at specific temperature and media
pH was studied with different amounts of ZnO and different times of

irradiation.

2.3.6.4 Effect of contaminant concentration

Photodegradation of bacteria using 0.1 g of ZnO, the temperature was
controlled at 29° C during the Photodegradation experiment, the media pH

was adjust to 7 . The concentration of bacteria and irritation time were varied.

2.3.6.5 Effect of time

The effect of time on photodegradation of bacteria using ZnO under UV light
was studied at different parameters.

I. High Performance Liquid Chromatography (HPLC)

High performance liquid chromatography (HPLC) was used for total organic
contents analysis.

The HPLC system consisted of a binary water (1525) pump, injection valve
(P/N7725i1) with 20 pL loop and a (waters 2998) photodiode array detector
operating at 250 nm. The HPLC column was 6x250 mm containing 5um
particles. Quantification of peaks was performed using (Breez) integrator.
The mobile phase was prepared by adding methanol. The sample were eluted

at room temperature at flow rate of 1.0 mL/min.
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Chapter 3

Results and Discussion
3.1 Photocatalyst characterization

3.1.1 Absorption Spectra

The Absorption spectra of ZnO nano-powder was recorded in figure (3.1).

The spectra had absorption peak at 373 nm.
1.1 -
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Figure (3.1): Absorption Spectra in the UV-Visible region of ZnO nano-powder.

3.1.2 Photoluminescence Spectra (PL)

Semiconductor catalyst band gap was measured using fluorescence spectra.
PL spectra of ZnO nanopowder are shown in Figure (3.2). The excitation

wavelength was 325 nm. The PL spectra showed three emission peaks, one


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fluorescence-spectroscopy
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/zinc-oxide
https://www.sciencedirect.com/science/article/pii/S1687850715000448#fig4
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fluorescence-spectroscopy
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fluorescence-spectroscopy
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in the ultraviolent region ~385 nm, and other two peaks located at 423 nm

and 487 nm attributed to the presence of singly ionized oxygen vacancies(ref

huss). The peak at 385 nm is attributed to ZnO emission photoluminescence

peak and used to find band gap as follows: (eg. 5)

hc
Byar = 7 ¢
Where: h =Plank’s constant (6.626 = 1073* Joule sec)
C = Speed of light (3 * 108 m/sec)
A = Wavelength in nm
= Charge of electron (1.60*10~1° coulombs)
The energy gap was 3.23 eV.
3 7 (487)
(385) (423)
25 -
2 -
INT 15 -
1 -
0.5 -
350 370 390 410 430 450 470 490 510 530
Wavelength (nm)

550

Figure (3.2): Emission Spectra of ZnO nanopowder
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3.1.3 X-Ray study

The prepared powder was exposed to x-ray to determine its structural
parameters, XRD pattern was obtained by getting glancing angle 0 at
different intensities, the resulted pattern has matched with the reference X-
ray diffraction pattern of ZnO powder and this confirms that the prepared
powder is ZnO in crystalline nature. Figure (3.3)

The diffraction peaks were assigned; the highest intensity peak was (101)
plane of zinc oxide with other smaller intensity peaks for the plans (100)
(002) (102) (110) (103) (112) planes. The average particles size calculated
using Scherrer's formula from the plans (100) (002) (101) and (102) was 27.2

nm.
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Figure (3.3): XRD patterns of the ZnO annealed at 600° C.
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3.1.4 SEM study

"Scanning electron microscopy (SEM) is a convenient technique to study the
morphology of the nanostructures'[40]. SEM was used to characterize the
surface morphology of the zinc oxide. SEM image for ZnO powder is shown
in (Figure 3.3). The SEM image shows agglomeration of nanoparticles of

Zn0O.
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Figure (3.4): SEM image shows the morphology of ZnO.

3.2 The disinfection experiment of Enterococcus

In this work, a ZnO catalyst was used in photodegradation of Enterococcus
bacteria in water under solar simulator irradiation. The catalyst efficiency
was measured depending on the percent of killed bacteria. The results show
the percentage of killed Enterococcus bacteria at 29 °C, pH ~ 7.5 and initial

concentration ~ 96000 cfu bacteria after 30 minutes of irradiation in the


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/zinc-oxide
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presence of catalyst. The percent of killing reached up to 100% under these

conditions.

3.2.1 Control experiments of Enterococcus

Control experiments were conducted in the absence of catalyst, absence of
light and the absence of both light and catalyst. The photodegradation
reaction was carried out at ~29 °C, pH ~7.5 and initial concentration of
Enterococcus bacteria was ~96000 cfu. After 30 minutes of irradiation and
in the absence of catalyst of the percent of killing was ~ 23%. When using
0.1 g ZnO catalyst in dark, the percentage of killing of Entecococcus bacteria

was ~ 51%. the results are presented in table (3.1) and figure (3.5).

Table (3.1): The loss percentage of Enterococcus bacteria after 30
minutes of reaction processing under different conditions, initial
concentration of bacteria is 96000 cfu.

Dilution # of Remaining Percentage
factor | colonies bacterial of loss
concentration (cfu) (£5%)
Cat. + dark 0.01 47 47000 51.04
Light + no cat 0.01 74 74000 22.92
Cat. + light 0.1 3 300 99.7
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Figure (3.5): The loss percentage of Enterococcus bacteria after 30 minutes of reaction

processing under different conditions, initial concentration of bacteria is 96000 cfu.

Up to 100% killing percent was achieved in using the ZnO catalyst under solar
simulator light. The results also showed that the catalyst is less effective in
bacteria killing when used without light, the percentage of bacterial loss
declined to only 50%. Exposing the bacteria to light without catalyst also shows

reduction in bacteria with a small portion (~20%) figure (3.5).

3.2.2 Parameters affect photodegradation reaction of Enterococcus

Effects of different factors on catalyst efficiency were studied at different

time periods (5, 10, 15 minutes).

3.2.2.1 The effect of catalyst amount

The effect of ZnO amount on the Enterococcus killing percentage was
studied at ~29°C and pH ~7.5 with initial concentration (~96000 cfu).
The results of using different amounts of the catalyst showed that the

percentage of killing increases with catalyst amount increase. As shown in
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table (3.2) and in figures (3.6), (3.7). This is because more amount of the
catalyst provides more active sites for photodegradation reaction and
achieves higher percent of killing.
However, at the beginning of the reaction, doubling the amount of catalyst
from 0.05 g to 0.10 g has increased the Enterococcus killing percentage
by~10%. At a longer time of irradiation; doubling the catalyst amount
increased the killing percent by ~ 6%. Because as the percentage of lost
bacteria increases, only a small fraction of catalyst is needed to kill the
remaining bacteria, so the more added amount of catalyst will be inactive.
This can be proved from table (3.3) which set that TOF decreases as the
catalyst amount increases.
The results in tables (3.2) show that the increases in the percent of killing
with increasing the catalyst amount is less clear in the process of a long time,
Figures (3.6), (3.7). At long time of reaction when using the same amount
of catalyst, the efficiency of catalyst on killing the bacteria decreases and
turn over frequency (TOF) decreases as shown in the table (3.3).

Table (3.2): The effect of catalyst amount on killing percentage of
Enterococcus bacteria after (5, 10 and 15 minutes) of irradiation
at~29°C, pH 7.5 and initial concentration 96000 cfu.

Amount | Percentage of | Percentage of | Percentage of | Percentage of
of loss (5 %) loss (5 %) loss (5 %) loss (£5 %)
catalyst 5 min 10 min 15 min 30 min
(9)
0.05 63.54 69.79 86.98 99.8
0.1 70.83 72.92 88.54 99.8
0.15 83.33 86.46 94.27 99.8
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Table (3.3): TOF for the process of killing Enterococcus bacteria using

different amount of ZnO (0.05, 0.1 and 0.15 g) of temperature 29°C, pH
7.5, initial concentration 96000 cfu after (5, 10 and 15 minutes) of

irradiation.

the amount of TOF TOF TOF
catalyst (g) 5 min 10 min 15 min
0.05 32.9x10°18 18.1x10~18 15.1x10718
0.1 18.4x10~18 0.47x10°18 7.66x10718
0.15 14.4x10~18 7.48x10718 5.44x10718
100
75 5 min
70 10 min
65 —d—15min
60
B 1] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

CAT (G)
Figure (3.6): The effect of the catalyst amount on killing percentage of Enterococcus

bacteria after (5,10 and 15 minutes) of irradiation at ~29°C, pH 7.5, initial concentration

96000 cfu.
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Figure (3.7): The effect of catalyst amount on Killing percentage of Enterococcus
bacteria after (5,10 and 15 minutes) of irradiation at ~29°C, pH 7.5, initial concentration

96000 cfu.

3.2.2.2 The effect of the pH

The effect of the pH on killing percentage was studied using 0.1g of ZnO
under solar simulator light at ~29°C with initial concentration ~96000 cfu of
Enterococcus bacteria. The degradation experiments were studied at three
different pH values (4.8, 7.5, and 9.6) at times periods (5, 10 and 15 minutes).
The results showed that the killing percentages were decreased in basic
medium. This is because the cell membrane of Enterococcus has negative
charge [41] and at high pH (8.9) ZnO also has negative charge [42]. And this
similarity in charge keeps the catalyst particles far away from bacteria cell.
The killing percentage was higher in acidic medium. The results are

presented in table (3.4) and figures (3.8), (3.9).
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Table (3.4): The effect of pH on killing percentage of Enterococcus
bacteria after (5, 10 and 15 minutes) of irradiation using 0.1g of ZnO at
~29°C, initial concentration 96000 cfu.

PH Percentage of | Percentage of | Percentage of | Percentage of
loss (£5 %) loss (x5 %) loss (x5 %) loss (£5 %)
5 min 10 min 15 min 30 min
4.8 85.42 90.63 93.13 99.8
7.5 81.25 86.97 90.63 99.8
9.6 77.08 83.33 87.51 99.8
95
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Figure (3.8): The effect of the pH on killing percentage of Enterococcus bacteria after

(5, 10 and 15 minutes) of irradiation at ~29°C, initial concentration 96000 cfu.
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Figure (3.9): The effect of pH on killing percentage of Enterococcus bacteria after (5, 10

and 15 minutes) of irradiation at ~29°C, initial concentration 96000 cfu
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3.2.2.3 The effect of temperature

The effect of temperature on killing percentage was studied using 0.1g of
ZnO catalyst under solar simulator light at neutral pH medium with initial
concentration ~36000 cfu Enterococcus bacteria. The degradation
experiments were studied at three different temperatures (25, 29 and 35 °C)
and time periods of (5, 10 and 15 minutes). The results were nearly similar
with slightly lowering in killing percentage at high temperatures. The percent
of Kkilling was increased with increasing the time of irradiation. The results
are presented in tables (3.12) and figures (3.10), (3.11).

The lower in percent of killing at high temperature is attributed to the
decreasing in concentration of oxygen in the reaction media, which lowers

the catalyst efficiency as mentioned before.

Table (3.5): The effect of temperature on killing percentage of
Enterococcus bacteria after (5, 10 and 15 minutes) of irradiation using
0.1g of ZnO, pH 7.5, initial concentration 36000 cfu.

Temp | Percentage of | Percentage of | Percentage of | Percentage of
(°C) loss (x5 %) loss (5 %) loss (5 %) loss (5 %)
5 min 10 min 15 min 30 min
25 51.39 73.62 74.72 99.8
29 50.0 69.44 73.61 99.8
35 49.12 61.11 70.83 99.8
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Figure (3.10): The effect of temperature on killing percentage of Enterococcus bacteria

after (5, 10 and 15 minutes) of irradiation, pH 7.5, initial concentration 36000 cfu
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Figure (3.11): The effect of temperature on killing percentage of Enterococcus bacteria

after (5, 10 and 15 minutes) of irradiation, pH 7.5, initial concentration 36000 cfu
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3.2.2.4 The effect of the bacterial initial concentration

The effect of bacteria concentrations on killing percentage was studied using
three different initial Enterococcus concentration (~7800, ~36000, and
~68000 cfu), with using 0.1g of ZnO catalyst, under solar simulator light and
numeral pH at ~29 °C.

The killing percentage was increased ~40% when the initial concentration
was increased from 7800 cfu to 36000 cfu. Increasing the concentration from
36000 to 68000 shows no observable change in killing percentage (~4% of
killing percentage was lowered). This behavior was shown at short
irradiation time (5 min.), but there is no change in killing percentage at
different bacteria concentration when time of irradiation was increased (10
min.) Table (3.6). Figures (3.12), (3.13).

Moreover, when increasing the initial concentration, more amount of
bacteria will be killed per photons absorbed, so quantum yield increased as
initial concentration increases. At the same time, Q.Y increased ~ 87% as
the initial concentration was increases from 7800 cfu to 36000 cfu. While at
higher concentration; increasing the concentration from 36000 to 68000
shows smaller change in quantum yield ~44%. Table (3.7).

When bacteria concentration increases, more bacterial cells are killed so the
percentage is high, but at higher values of concentrations, more bacteria
caused high turbidity and lowered the incident light, this then decreased the
catalyst efficiency, so that the killing percentage is lowered and quantum
yield increases in a smaller manner.

Also, TOF increases as initial concentration increase table (3.7), because
increasing the initial concentration will increase the number of killed bacteria

per unit of ZnO atoms.



39

Table (3.6): The effect of bacteria concentration on killing percentage of
Enterococcus after (5 and 10 minutes) of irradiation using 0.1g of ZnO
at ~29°C, pH 7.5.

Initial Percentage of | Percentage of | Percentage of
concentration loss (5 %) loss (£5 %) loss (5 %)
(cfu) 5 min 10 min 30 min
7800 39.74 67.95 99.8
36000 66.67 71.67 99.8
68000 63.97 71.32 99.8

Table (3.7): TOF and QY for the process of killing Enterococcus bacteria
using different amounts of initial concentration of bacteria after (5 and
10 minutes) of processing using 0.1 g of ZnO at temperature ~ 29°C, pH

7.5
Initial TOF | QY TOF | QY
concentration 5 min 10 min
(cfu)
7800 0.84x107'8 | 0.26x107*> [0.72 x 1078 0.22 x 107>
36000 6.49x10718 | 2.02x10°1> | 3.49%x 10718 | 1.08%x 10715
68000 11.8x10718 | 3.66x10715 | 6.56x 10718 [ 2.03x 1071°
70 .__’__’-l u
B —
60
£:$)
——5min
30 —@—10min

20

10

40000

(CFU)

Figure (3.12): The effect of bacterial concentration on killing percentage of Enterococcus

after (5and 10 minutes) of irradiation, 0.1 g ZnO, ~29°C, pH 7.5
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Figure (3.13): The effect of bacteria concentration on killing percentage of Enterococcus

after (5and 10 minutes) of processing, 0.1 g ZnO, ~29°C, pH 7.5

3.2.2.5 The effect of irradiation time

The effect of time on Killing percentage was studied at different conditions.
In general killing percentage increased with time, at all conditions the killing
percentage reached up to 100% after 30 minutes of reaction processing as
shown in table (3.8). At the first period of reaction, the concentration of
bacteria was high and so the killing percentage. As time of reaction proceeds,
the concentration of remaining bacteria becomes lower and so the killing
percentage. TOF and QY decrease with time as well as shown in Table (3.8),
because with time, the remaining bacteria is low, so adding more photons

and more catalyst becomes unneeded and useless.
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Table (3.8): The effect of time on bacterial loss percentage, TOF and QY

using 0.1 g ZnO, at temperature 29°C, pH 7.5, initial concentration
96000 cfu Enterococcus bacteria.

the amount of Bacterial loss TOF QY
catalyst (g) percentage (%)
5 min 70.83 18.4x10718 5.71x1071>
10 min 72.92 9.47x10718 2.93x10715
15 min 88.54 7.66x10718 2.37x10715
30 min 99.8 4.33x10718 0.05x1071>
3.2.3HPLC

Complete killing and mineralization of Enterococcus bacteria by ZnO under
solar simulated light has been confirmed by HPLC results.

The bacterial solutions with similar conditions (including 96,000 cfu and
broth) were prepared. One solution having no catalyst with no light showed
a peak area of ~90,000 pV. sec as shown in table (3.9) and fig (A.1) in
appendix A. The peak area is due to the presence of soluble organic
compound from the broth. Another solution with ZnO added in the dark, a
peak area ~ 74,000 pV. sec was observed for the mixture after 30 minutes.
The peak area confirms the existence of organic compound in the bacterial
solution. In the dark, bacteria die as observed from fig (3.5), and consumes
broth as well. The experiment with no ZnO under illumination for 30
minutes, showed a peak area of ~ 67,000 pV. sec. This means the presence
of organic compounds. Moreover, fig (3.5) shows that bacteria was partially
killed under the light. Therefore, bacterial killing and consumption are
possible.

Under irradiation with ZnO for enough time (4 hours) no organic peaks could

be observed. As figure (3.5) shows the complete killing of bacteria, and as
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HPLC shows no peaks area for resulting organics, the results indicate that
irradiation using ZnO completely kills the bacteria and completely
mineralize any resulting organics and completely photodegrades all broth
soluble matter.

For short time photocatalytic experiment (30 minutes), an organic peak was
observed (150,000 pV. sec). Based on figure (3.5) complete bacterial killing
was observed. The results suggest that the 30 minutes are sufficient for
bacterial killing which produces high organic compounds in solution. Such
organics did not completely degrade in 30 minutes. When left for enough
time (4 hours) under photocatalytic conditions fig (A.5) in appendix A and
table (3.9), all organics were completely mineralized.

Table (3.9): The loss percentage and HPLC peak area of Enterococcus
bacteria processing under solar irradiation using ZnO catalyst, initial
bacterial concentration 96,000 cfu.

Percentage of loss Reaction Peak area
(£5%) time (UV. sec.)
No cat. + dark 0.00 0 min 90,199
Cat. + dark 51.04 30 min 74,021
Light + no cat. 22.92 30 min 67,686
Cat. + light 99.7 30 min 220,528
Cat. + light 100 4 hours 0.00

3.3 The disinfection experiment of Proteus mirabilis bacteria

Photodegradation of Proteus mirabilis bacteria in water using ZnO catalysts
was studied under solar simulator light. The catalysts efficiency was
measured depending on the killing percentage of bacteria. Results showed
that the percentage of killing for Proteus mirabilis bacteria after 30 minutes

of processing in the presence catalyst under light radiations reached up to
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~100%. The photo degradation reaction was carried out using 0.1 g ZnO
catalyst, at ~29°C, pH ~7.5 and initial concentration of Proteus mirabilis

bacteria ~94000 cfu.

3.3.1 Control experiments of Proteus mirabilis bacteria

Control experiments were conducted in the absence of catalyst, the absence
of light, and the absence of both light and catalyst. The photodegradation
reaction was carried out at ~29 °C, pH ~7.5 and initial concentration of
Proteus mirabilis bacteria ~ 94000 cfu. After 30 minutes of processing, in
the absence of catalyst under light radiation the percentage of killing was
about 8%, when using 0.1 g ZnO catalyst in dark, the percentage of killing
was about 31%. Results are summarized in Figure (3.14), and are shown in
Table (3.10).

Table (3.10): The loss percentage of Proteus mirabilis bacteria after 30
minutes of reaction processing under different conditions, initial
concentration of bacteria is 94000 cfu.

Dilution | Number of | Remaining |Percentag
factor colonies bacterial e of loss
concentration | (x£5%)
(cfu)
Cat. + dark 102 65 65000 30.85
Light + no cat. 102 86 86000 8.51
Cat. + light 101 2 200 99.79
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Figure (3.14): The loss percentage of Proteus mirabilis bacteria after 30 minutes of

processing under different conditions. Initial concentration of bacteria is 94000 cfu.

Up to 100% killing percent was achieved by the ZnO catalyst under solar
simulator light. The results also showed that the catalyst is less effective in
absence of light as the percentage of bacteria declined only in a small portion.
Exposing the bacteria to light without using any types of catalysts also has

decreased the bacteria concentration about only 8%.

3.3.2 Parameters affecting photodegradation reaction of Proteus

mirabilis bacteria

Effects of different factors on the catalyst efficiency were studied at different

periods of time (5, 10, and 15 min.).

3.3.2.1 The effect of catalyst amount

The effect of the amount of catalyst on killing percentage at ~29°C and pH
~7.5 with initial concentration of Proteus mirabilis bacteria of ~94000 cfu

was studied.



45
Results show that increasing the catalyst quantity can increase the bacterial
killing because more amount of the catalyst provides more active sites for
photodegradation reaction and will achieve higher percent of killing.
However, at the beginning of the reaction, changing the amount of catalyst
from 0.05g to 0.1g has increased the killing percentage by about 10%, but
increasing the amount of catalyst from 0.1 g to 0.15 g has less efficient on
killing percentage.
After 15 minutes of irradiation, using 0.1g of catalyst showed similar
percentage of killing to 0.15 g catalyst under the same conditions. This might
happen because adding more catalyst may limit the amount of light that
reaches the reaction and so decreases the efficiency of photocatalysis
reaction. The results are showed in table (3.11) and figures (3.15), (3.16).
Moreover, table (3.12) shows that (TOF) decreases as time of reaction
increases, it is also decreases when using higher amounts of catalyst, this
indicates that using high amount of catalyst for long time will decrease its
efficiency on killing the bacteria.

Table (3.11): The effect of the ZnO amount on killing percentage of
Proteus mirabilis bacteria after (5, 10 and 15 minutes) of irradiation
at~29°C, pH 7.5, initial concentration 94000 cfu.

Amount | Percentage of | Percentage of | Percentage | Percentage of
of loss (x5 %) loss (£5 %) of loss loss (x5 %)
catalyst 5 min 10 min (x5 %) 30 min
(9) 15 min
0.05 68.02 84.19 89.53 99.8
0.1 75.53 84.53 93.14 99.8
0.15 74.89 87.21 93.02 99.8
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Table (3.12): TOF for the process of Kkillig Proteus mirabilis bacteria

using different amount of ZnO (0.05, 0.1 and 0.15g) at temperature
29°C, pH 7.5, and initial concentration 94000 cfu after (5, 10 and 15

minutes).
the amount of TOF TOF TOF
catalyst () 5 min 10 min 15 min
0.05 37.0x10718 21.7x10718 15.2x10718
0.1 19.2x10718 10.9x10718 7.89x10718
0.15 13.1x10718 7.48x10718 5.29x10718
100
95
90
8 .__—.—/”.
80
75 ——5min
70 /\‘ ——10min

65 15 min

60

0 0.05 0.1 0.15 0.2

Figure (3.15): The effect of ZnO amount on Killing percentage of Proteus mirabilis

bacteria after (5, 10 and 15 minutes) of irradiation at ~29°C, pH 7.5, initial concentration

94000 cfu.
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Figure (3.16): The effect of ZnO amount on Killing percentage of Proteus mirabilis
bacteria after (5, 10 and 15 minutes) of irradiation at ~29°C, pH 7.5, initial concentration

94000 cfu.

3.3.2.2 The effect of the pH

The effect of the pH on killing percentage was studied using 0.1g of ZnO
catalyst under solar simulator at ~29°C with initial concentration of Proteus
mirabilis bacteria ~69000 cfu. The killing experiments were studied pH (4.3,
7.4, and 8.9) at times periods (5, 10 and 15 minutes). The results showed that
killing percentages were almost the same for both acidic and neutral medias,
while in basic media (pH 8.9) , the killing percentage was lower because the
cell membrane of Proteus mirabilis bacteria has negative charge [43] and at
high pH (8.9) ZnO also has negative charge so that in basic media repulsive
force acts as inhibiting factor for reaction between bacteria and ZnO. While
acidic and neutral media shows better photodegradation results. Results are

presented in table (3.13) and figures (3.17), (3.18).
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Table (3.13): The effect of pH on killing percentage of Proteus mirabilis
bacteria after (5,10 and 15 minutes) of irradiation using 0.1 g ZnO at
~29°C, initial concentration 94000 cfu.

65
60
55
50

PH

pH | Percentage of | Percentage of | Percentage of | Percentage of
loss (x5 %) loss (5 %) loss (x5 %) loss (x5 %)
5 min 10 min 15 min 30 min
4.3 91.88 94.49 97.39 99.8
7.4 86.23 95.07 96.52 99.8
8.9 76.52 81.89 82.75 99.8
100
95 B =
90
85 \
80 L
’i 75 ——5min
70 —&—10min

15min

Figure (3.17): The effect of pH on killing percentage of Proteus mirabilis bacteria after

(5, 10 and 15 minutes) of irradiation using 0.1 g ZnO at ~29°C, initial concentration

94000 cfu.
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Figure (3.18): The effect of pH on killing percentage of Proteus mirabilis bacteria after (5,

10 and 15 minutes) of irradiation using 0.1 g ZnO at ~29°C, initial concentration 94000 cfu.
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3.3.2.3 The effect of the temperature

The effect of the temperature on killing percentage was studied using 0.1g
of ZnO catalyst under solar simulator light and neutral pH with initial
concentration of Proteus mirabilis bacteria ~ 69000 cfu. The degradation
experiments were studied at three different temperatures (25, 29 and 38 °C) and
three periods of times (5, 10, and 15 min.). The results were approximately
similar at the three different temperatures, the results are presented in table
(3.14) and figures (3.19) and (3.20).

When temperature increases, the concentration of oxygen molecules in the
reaction media decreases, and thus the catalyst efficiency was decreases. On
the other hand, at high temperature, the bacterial mobility increases and so
its ability to reach OH radicals increases, this means higher Kkilling
percentage, and this could be the reason why increasing the temperature has
no clear effect on degradation percentage.

Table (3.14): The effect of temperature on Killing percentage of Proteus
mirabilis bacteria after (5, 10 and 15 minutes) of irradiation using 0.1 g
Zn0O, pH 7.5, initial concentration 69000 cfu.

Temp | Percentage of | Percentage of | Percentage of | Percentage of
(°C) loss (x5 %) loss (£5 %) loss (x5 %) loss (x5 %)
5 min 10 min 15 min 30 min
25 93.10 95.95 97.86 99.8
29 92.62 95.00 98.33 99.8
38 93.34 96.67 97.62 99.8
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Figure (3.19): The effect of temperature on killing percentage of Proteus mirabilis
bacteria after (5, 10 and 15 minutes) of irradiation using 0.1 g ZnO, pH 7.5, initial

concentration 69000 cfu.
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Figure (3.20): The effect of temperature on killing percentage of Proteus mirabilis
bacteria after (5, 10 and 15 minutes) of irradiation using 0.1 g ZnO at ~ 29°C, pH 7.5,

initial concentration 69000 cfu.
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3.2.2.4 The effect of the initial concentration of bacteria

The effect of bacteria concentrations on killing percentage was studied using
three different initial concentrations (15000, 69000, and 130000 cfu), using
0.1g of ZnO catalyst under solar simulator light at neutral pH and ~29 °C.
The killing percentage slightly increased when the initial concentration was
increased from 7800cfu to 36000 cfu. On the other hand, at higher
concentration, increasing the concentration from 69000 to 130000 gave
almost equal killing percentages, tables (3.15) and figures (3.21) and (3.22).
When bacteria concentration increases more bacterial cells killed so the
percentage is high, but at higher values concentrations, more bacteria caused
high turbidity that lowered the incident light and decreased the catalyst
efficiency.

Quantum yield increased as initial concentration increases as shown in table
(3.16) this means that at higher bacterial concentrations more bacteria will
be killed per photons absorbed. Also, TOF increases as initial concentration
increase table (3.16), because increasing the initial concentration increase
the number of killed bacteria per unit of ZnO atoms.

Table (3.15): The effect of initial concentration of bacteria on killing
percentage of Proteus mirabilis bacteria after (5 and 10 minutes) of
irradiation using 0.1 g ZnO at ~29°C, pH 7.5

Initial concentration | Percentage of | Percentage of | Percentage of
(cfu) loss (£5 %) loss (5 %) loss (£5 %)
5 min 10 min 30 min
15000 74.67 82.00 99.8
69000 86.23 95.07 99.8
130000 88.77 95.85 99.8




52
Table (3.16): TOF and QY of the process of killing Proteus mirabilis

bacteria after 10 minutes of irradiation, using 0.1 g ZnO at temperature

29°C, pH 7.5.
Initial TOF QY TOF QY
concentration 5 min 10 min
(cfu)
15000 0.30x 10717 | 0.94 x 107> [1.66x 10718|0.53 x 10~1°
69000 1.61x 10717 | 5,00 x 10715 18.87x 10718[ 2.76x 10~1°
130000 |3.12x 10717 [9.70 x 10715 |16.8x 10718 5.23%x 10715
120
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Figure (3.21): The effect of initial concentration of bacteria on killing percentage of
Proteus mirabilis bacteria after (5 and 10 minutes) of irradiation using 0.1 g ZnO at

~29°C, pH 7.5.
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Figure (3.22): The effect of initial concentration of bacteria on killing percentage of
Proteus mirabilis bacteria after (5 and 10 minutes) of irradiation using 0.1 g ZnO

at~29°C, pH 7.5.

3.3.2.5 The effect of irradiation time

The effect irradiation time on killing percentage was studied at different
conditions. Results in table (3.17) show that the percentage of killing
increases as time of reaction proceeds. The killing percentage reached 100%
after 30 minutes of reaction processing in every reaction condition. However,
at the beginning of reactions, the bacterial concentration decreased fast;
about the half at the first five minutes. As time proceeded the change in the
concentration of bacteria starts to decrease because at the first period of
reaction, the concentration of bacteria was high and so the killing percentage.
With time the concentration of bacteria becomes lower and so the killing

percentage.
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Table (3.17): The effect of time on bacterial loss percentage, TOF and

QY using 0.1g ZnO, at temperature 29°C, pH 7.5, initial concentration
94000 cfu of Proteus mirabilis bacteria.

the amount of Bacterial loss TOF QY
catalyst (g) percentage (%)
5 min 75.53 1.92x 071 | 597x 10715
10 min 84.53 1.09x 10717 | 3.39x 1071°
15 min 87.21 0.79x 10717 2.46x 10715
30 min 99.8 0.42x 107Y | 1.31x 1071

3.3.3 HPLC for Proteus mirabilis bacteria.

Complete killing and mineralization of Proteus mirabilis bacteria by ZnO
under solar simulated light has been confirmed by HPLC results.

The bacterial solutions with the same conditions (including 94,000 cfu and
broth) were prepared. The solution with no catalyst added and kept in dark
sowed a peak area of ~33,760 uV. sec as shown in table (3.18) and fig(B.1)
in appendix B. The peak area refers to the presence of soluble organic
compound from the broth. Another solution was treated with Zno but
exposed to no light; it showed a peak area ~ 42,690 uV. sec after 30 minutes.
The peak area confirms the existence of organic compound in the bacterial
solution. Because in the dark, some of the bacteria die (as shown in Fig (3.6)
but the resulted organic compounds from the killed bacteria still in the
solution. The experiment with no ZnO under illumination for 30 minutes,
showed a peak area of ~ 60,800 V. sec. This means that the solution
contains organic compounds refers to the organic compound from the broth
and the killed bacteria. At the same time, fig (3.14) shows that bacteria were
partially killed under light. Therefore, bacterial killing and consumption are

possible.
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For photocatalytic experiment and after 30 minutes of irradiation, organic
peak about (140,400 pV. sec) was observed. Meanwhile, Figure (3.14)
confirms that after 30 minutes of photocatalytic experiment complete
bacterial killing was achieved. This means that the 30 minutes are sufficient
for bacterial killing which produces high organic compounds in solution, but
this time is not enough to completely degrade the organics.
When left for enough time (4 hours) under irradiation with ZnO, no organic
peaks were observed. As Figure (3.14) shows complete killing of bacteria,
and HPLC Table (3.18) shows no peaks area for resulting organics, we
conclude that irradiation using ZnO completely Kills Proteus mirabilis
bacteria and completely mineralize any resulting organics and completely
photodegrades all broth soluble matter.

Table (3.18): The loss percentage and HPLC peak area of Proteus
mirabilis bacteria processing under solar irradiation using ZnO catalyst,
initial bacterial concentration 94,000 cfu.

Percentage of loss Reaction Peak area
(£5%) time (UV. sec.)
No Cat. + dark 0.00 0 min 33,765
Cat. + dark 30.85 30 min 42,690
Light + no cat. 8.51 30 min 60,794
Cat. + light 99.79 30 min 140,402
Cat. + light 100 4 hours 0.00
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Conclusions

1. The prepared nanoparticles of ZnO catalyst showed high activity in
killing and complete photodegradation (mineralization) of Enterococcus
(gram positive bacteria) and bacteria Proteus mirabilis (gram negative
bacteria) in water under solar simulator light.

2. ZnO nano particles are partially killed Enterococcus (gram positive
bacteria) and bacteria Proteus mirabilis (gram negative bacteria) in the
dark.

3. UV alone can kill Enterococcus (gram positive bacteria) and bacteria
Proteus mirabilis (gram negative bacteria) but to lesser extent.

4. All the results showed that ZnO has achieved complete bacterial killing
after 30 minutes of irradiations.

5. Proteus mirabilis bacteria has shown higher resistance to ZnO activity
compared with Enterococcus due to differences in the structure of their
cell wall. Gram-positive bacteria have a cell wall which surrounds the cell
membrane, the cell wall made of peptidoglycan layer, teichoic and
lipoteichoic acids. The cell wall of Gram-negative bacteria is more
complex because of the presence of an outer membrane that composed
of lipopolysaccharide (LPS), in addition to a thin peptidoglycan
layer[44]. The outer membrane of Gram-negative bacteria acts as
permeation barrier and reduced the influx of ZnO into the bacterial cell.

6. Increasing amounts of catalyst increased percent of bacterial killing.

7. Changing the pH value showed that the catalyst is less effective in basic

medium.
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8. Changing temperature in acceptable range had no adverse effect on the
catalyst efficiency.

9. Increasing the initial concentration of bacteria enhanced the catalyst
activity in terms of turnover frequency and quantum vyield.

10.1n case of light, ZnO completely mineralized the resulted organic matter
from the killed Enterococcus (gram positive bacteria) and bacteria
Proteus mirabilis (gram negative bacteria) within four hours of

irradiation.

Suggestion for Further Work

Based on our observations, bacterial complete degradation needs UV light
due to ZnO wide band gap. In order to enable ZnO particles to
photodegradation bacteria in the visible light (major component of sunlight),
the band gap needs to be lowered. We suggest doping ZnO particles with
different types of safe metal ions. Doped ZnO particles can be used as

catalyst.
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Appendix A:

Enterococcus Bacteria

An-Najah University
Project Name Defaults
Reported by User: Breeze user (Breeze)

/4 Breeze 2
PHPLC System

SAMPLE INFORMATION

Sample Name: sample R3 Acquired By: Breeze

Sample Type: Unknown Date Acquired: 2018-02-26 1:20:33 PMIST

Vial: 1 Acq. Method: omima

Injection #: 1 Date Processed: 2018-02-27 10:17:36 AMIST

Injection Volume: 20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm

Run Time: 60.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Sample Set Name

0,007

PP - Eheocecens 3 lovo  Yiwae

0.005-] i

1

0.004-]
=2
< 0.003

0.002

L ¥ ™1 T T T Ty ™7 Y X T 50 3
000 200 400 600 800 10.00 1200 14.00 18i00 18.00 2000 22.00 24.00 26{00 28.00 30.00
Minutes

Fig (A.1): The HPLC peaks resulted from water sample pre-contaminated with
Enterococcus bacteria at zero time of treatment. showed a peak area of ~90,000 uV. sec.
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Appendix A:

Enterococcus Bacteria

An-Najah University i .
Project Name Defaults @Bfeeze 2

Reported by User: Breeze user (Breeze) RHESHON

SAMPLE INFORMATION
Sample Name: sample R2 Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-02-26 2:33:57 PMIST
Vial: 1 Acq. Method: omima
Injection #: 3 Date Processed: 2018-03-22 11:05:44 AMIST
Injection Volume:  20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 30.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Column Type: Sample Set Name
0.008 |
0.007 f - -
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0.005+ ; P oo
1 S
o 0.004
< e
0.0034 A~
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Fig (A.2): The HPLC peaks resulted from water sample pre-contaminated with

Enterococcus bacteria and treated with ZnO in dark for 30 minutes. showed a peak area
of ~74,000 pV. sec.
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Appendix A:

Enterococcus Bacteria

An-Najah University ’
Project Name Defaults E&eele 2

P
Reported by User: Breeze user (Breeze) HPLE System

SAMPLE INFORMATION

Sample Name: sample R1 Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-02-27 10:08:25 AM IST
Vial: 1 Acq. Method: omima
Injection #: 1 Date Processed: 2018-02-27 10:40:08 AM IST
Injection Volume: 20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 30.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Sample Set Name
o.oos«?
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N e C _ac Q‘ =
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Minutes

Fig (A.3): The HPLC peaks resulted from water sample pre-contaminated with
Enterococcus bacteria and exposed to sun light radiations for 30 minutes. showed a peak
area of ~ 67,700 pV. sec.
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Appendix A:

Enterococcus Bacteria

An-Najah University
Project Name  Defaults 5 Breeze 2

HELC S -
Reported by User: Breeze user (Breeze) ti3yaien

SAMPLE INFORMATION

Sample Name: sample 1 Acquired By: Breeze

Sample Type: Unknown Date Acquired: 2018-01-24 9:41:02 AMIST
Vial: 1 Acqg. Method: omima

Injection #: 1

Date Processed: 2018-01-24 10:41:50 AMIST
Injection Volume:  10.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 60.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Sample Set Name

0.025-

0.020-

0.015-
=
<
0.010-
0.005-
0.000
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Fig (A.4): The HPLC peaks resulted from water sample pre-contaminated with

Enterococcus bacteria and treated with ZnO under irradiation for 30 minutes. showed a
peak area of ~220,500 pV. sec.
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Appendix A:

Enterococcus Bacteria

An-Najah University
Project Name Defaults g Bfeele" 2

Reported by User: Breeze user (Breeze) HPLC System

SAMPLE INFORMATION
Sample Name: E30 Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-03-19 9:15:52 AM IST
Vial: 1 Acq. Method: omima
Injection #: 2 Date Processed: 2018-03-19 9:32:10 AMIST
Injection Volume:  20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 10.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Column Type: Sample Set Name
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Fig (A.5): The HPLC peaks resulted from water sample pre-contaminated with
Enterococcus bacteria and treated with ZnO under irradiation for 4 hours. showed a small
peak area that was negligible comparing with the previous results.
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Appendix B:

Proteus mirabilis Bacteria

An-Najah University R
Project Name Defaults gefeeze 2

Reported by User: Breeze user (Breeze) HPLE System

SAMPLE |INFORMATION

Sample Name: sample RS Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-02-26 3:02:47 PMIST
Vial: 1 Acq. Method: omima
Injection #: 4 Date Processed: 2018-02-27 10:18:15 AMIST
Injection Volume: 20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 30.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Sample Set Name
—
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Fi_g (Ef._l): The HPLC peaks resulted from water sample pre-contaminated with Proteus
mirabilis bacteria at zero time of treatment. showed a peak area of ~ 33,760 V. sec.
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Appendix B:

Proteus mirabilis Bacteria

An-Najah University

Project Name Defaults 5 Bafeele. 2
Reported by User: Breeze user (Breeze) HELE Syatam
SAMPLE INFORMATION

Sample Name: sample R6 Acquired By: Breeze \
Sample Type: Unknown Date Acquired: 2018-02-26 1:51:20 PMIST ‘
Vial: 1 Acq. Method: omima

Injection #: 2 Date Processed: 2018-02-27 10:17:50 AMIST }
Injection Volume:  20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm |
Run Time: 30.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm

Sample Set Name
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Fig (B.2): The HPLC peaks resulted from water sample pre-contaminated with Proteus

mirabilis bacteria and treated with ZnO in dark for 30 minutes. Showe ~
001 e . wed a peak area of
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Appendix B:

Proteus mirabilis Bacteria

An-Najah University

Project Name Defaults @Bfeeze 2

Reported by User: Breeze user (Breeze) HFLE Systen

SAMPLE INFORMATION
Sample Name: sample R4 Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-02-27 10:39:18 AMIST
Vial: 1 Acqg. Method: omima
Injection #: 2 Date Processed: 2018-03-22 11:08:17 AMIST
Injection Volume:  20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 30.00 Minutes Channel Desc.: 2898 Ch1 254nm@1.2nm
Column Type: Sample Set Name
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Fig (B.3): The HPLC peaks resulted from water sample pre-contaminated with Proteus

mirabilis bacteria and exposed to sun light radiations for 30 minutes. Showed a peak area
of ~ 60,790 pV. sec.
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Appendix B:

Proteus mirabilis Bacteria

An-Najah University

Project Name Defaults 5 Bprege_ze‘ 2
Reported by User: Breeze user (Breeze) Ll
SAMPLE INFORMATION

Sample Name: sample 2 Acquired By: Breeze

Sample Type: Unknown Date Acquired: 2018-01-24 10:41:38 AMIST

Vial: 1 Acq. Method: omima

Injection #: 2 Date Processed: 2018-01-24 12:31:21 PMIST
Injection Volume:  10.00 ul Channel Name 2998 Ch1 254nm@1.2nm

Run Time: 60.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm

Sample Set Name
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Fig (B.4): The HPLC peaks resulted from water sample pre-contaminated with Proteus

mirabilis bacteria and treated with ZnO under irradiation for 30 minutes. Showed a peak
area of ~ 140,400 pV. sec.
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Appendix B:

Proteus mirabilis Bacteria

An-Najah University =
Project Name Defaults 6 Bfeeze' 2

Reported by User: Breeze user (Breeze) YHPLE System

SAMPLE INFORMATION
Sample Name: P60 Acquired By: Breeze
Sample Type: Unknown Date Acquired: 2018-03-19 9:26:29 AM IST
Vial: 1 Acq. Method: omima
Injection #: 3 Date Processed: 2018-03-19 9:40:22 AMIST
Injection Volume:  20.00 ul Channel Name: 2998 Ch1 254nm@1.2nm
Run Time: 10.00 Minutes Channel Desc.: 2998 Ch1 254nm@1.2nm
Column Type: Sample Set Name
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Fig (B.5): The HPLC peaks resulted from water sample pre-contaminated with Proteus
mirabilis bacteria and treated with ZnO in dark for 4 hours. Showed a small peak area
that was negligible comparing with the previous results.
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