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Abstract

This work describes the adsorption and photo catalytic degradation of
aqueous 2-chlorophenol (2CP) contaminant using nano sized ZnO
semiconductor photo catalyst. The ZnO particles are trapped into solid
natural clay particles, producing a new highly active and easy to recover
ZnO catalyst system. The degradation was performed under direct sun
light. This research investigates the effect of sensitization on the
photocatalytic efficiency. The prepared ZnO and prepared ZnO/natural
clay systems were characterized by several methods, such as FT-IR, UV-
Visible, Photoluminiscence, SEM and XRD which confirmed the ZnO
formation in the composite catalyst. High Performance liquid

chromatography was used to study the 2-chlorophenol adsorption and



XVI
degradation. The results showed that the 2CP photo-degradation on the
sensitized ZnO/clay occurred with highest activity (~64% + 0.01) loss of
2CP compared with ZnO/Clay composite catalyst (~56% + 0.01) loss of
2CP under direct sun light under natural conditions. Effects of different
reaction parameters onto photo degradation reaction of 2CP by natural
clay/ZnO catalyst have also been studied. The ability of catalyst recovery
and reuse in photo-catalytic reactions was also studied, the recovered
catalyst showed loss efficiency (~41%) of 2CP. Attempts were made to
regenerate efficiency of recovered catalyst by adding new dye molecules.
When calculating relative catalytic efficiency, in terms of turnover
number, all recovered and regenerated catalysts maintained original

efficiency of fresh samples.
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Chapter one

Introduction

1.1 Overview

Among the various known types of pollution, water pollution is of a great
concern since water is the prime necessity of life. Only 0.02% of the total
water on the earth surface is suitable for drinking. Increased industrial,
agricultural and domestic activities have resulted in wastewater containing
different of toxic pollutants [1-4].

There are many types of water contaminants including chemical pollutants,

biological pollutants and radiation pollutants. Organic chemical pollutants
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transfer to the environment then transport to the water supply, accumulate
in large amounts and serve as substrates for many microorganisms [5].

A number of methodologies with varying degrees of success have been
developed to manage water pollution. Some of them involve coagulation,
filtration, ion exchange, sedimentation, electrolysis, disinfection and
chemical precipitation. However, these methods have their own
shortcomings and limitations [6-7].

Recently, application of advanced oxidation processes using solar energy
has been established for the purification of water from many contaminants

[8]. Such processes employ special photo catalyst systems in their strategy.

1.2 Catalysts

A catalyst is defined as “a substance that increases the rate of a chemical
reaction without being consumed in the reaction and without affecting its
equilibrium” [9-10]. Catalysts can be prepared by several operations such
as decomposition, reduction, impregnation and precipitation [11]. Catalysts
are used in most industrial chemical processes [12], and are classified as
homogenous (such as most organometallics) or heterogeneous (such as
pellets with high surface areas, nanoparticles of metal oxides TiO, and

Zn0O [13, 14] and layered structures-clay, and others) [15-17].

1.3 Clay
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Clays are the class of phylosilicates with colloidal layered hydrous
aluminosilicates [18]. Clay structure consists of multi-layers of octahedral
and tetrahedral sheets [19, 20]. As shown in figure (1.1), the silica
tetrahedral layer involves silicon atoms that are located in the centers of
tetrahedral at equivalent distances from four oxygen atoms. As a result of
arrangement of tetrahedrons, a hexagonal network appears infinitely in two
directions to form silica tetrahedral sheet [19, 21]. Octahedral sheets
involve closely packed oxygens and hydroxyls. Different types of cations
in octahedral sheets produce many types of sheets. For example gibbsite
sheets contain aluminum cations while in brucite sheets the cations are

magnesium.

. Oxygen Magr}e-swm o Layer of octahedra
aluminium

Figure (1.1): The structure of clay mineral
Clays are stacked in polymeric tetrahedral and octahedral layers. The layer
types depend on number and arrangement of these sheets and on type of
cations between them such as (Mg*?, Fe*2, Na* and K*) [22]. Examples of

clays are:
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1- Kaolinite 1:1 clay mineral, Figure (1.2). Clay with one tetrahedral sheet

and one octahedral sheet per layer.

Figure (1.2): Structure of 1:1 clay mineral (kaolinite) showing one tetrahedral sheet

and one octahedral sheet [23].

2-  Montmorillonite is a 2: 1 clay mineral, Figure (1.3). The clay has

two tetrahedral sheets and one octahedral sheet per layer.

#¥ Cationic specious
@ H,O molecules

Figure (1.3): Structure of a 2: 1 clay mineral (montmorillonite) showing two

tetrahedral sheets [23].

1.3.1 Catalytic Application of clay
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In the clay frameworks, there are excessive negative charges, which are
equaled by other free positive charges. The charges cause affinity for water
and other polar solvents to be trapped inside clay’s cavities [24, 25]. These
charges facilitate reactions by activating different molecules. Cavities and
layers may also increase rate of reactions by forcing the reactant molecules
to collide inside cavities. Clays are thus used as heterogeneous catalysts or
as supports for catalysts. Clays are also used in waste management

facilities [17], health care products and therapeutic products [26].

1.4 Phenols

Phenol is a white crystalline solid. It is an organic compound with the
molecular formula (Cs¢HsOH), sometimes called carbolic acid. It has
moderate solubility in water [6, 7] and may exist in surface and tap water
for long time without being biodegraded. Phenol and its derivatives are

toxic and known as human cacogens, even at low concentrations [27, 28].

1.4.1 2-Chlorophenol

Also known as 2-hydroxychlorolbenzene, 2-chlorophenol (2CP) is an
organic derivative of phenol. It is weakly acidic, colorless, with

unpleasant order [29, 30]. 2CP structure is shown in figure (1.4) [31].
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OH

Cl

Figure (1.4): Structural formula of 2-Chlorophenol.
2-Chlorophenol has medium solubility (2 g/100 ml) in water compared
with phenol (8.5 g/100 ml) due to the bond with CI. It may enter the
environment and water when used in dyes, pesticides and bactericide. It
sticks to soil and sediments at the bottom of lakes, rivers and streams [32-
35].

Most chlorophenols are highly toxic and cause long term effects to the
environment and damage organs such as kidney, liver and immune system

[31, 36].

1.5 Adsorptions

Adsorption is a simple, low cost, highly efficient and extremely important
process. It has practical applications in technology, environment
protection, biological and industrial fields [37].

Adsorption is gaining attention as one of the most useful techniques for
treatment of industrial effluents containing toxic materials and removing
them from soil, air and water [38]. It is a process which includes the
transfer of the solute from the solution to the surface of a solid material

[39]. Adsorption is an important step in many catalytic reactions. Different
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adsorbents were widely used such as clays [40], montmoronillite [41, 42],
kaolinite [41], soil [43, 44], carbon nanotubes [45], aluminum oxide [46],

and graphene oxide [47].

1.6 Photo-catalytic degradation

Photo-catalysis is defined as the “speeding up of the photoreaction by the
presence of a catalyst” [10]. It is a promising technique for many
applications of solar light.

Catalysts are classified based on the phase of the catalyst used, as:

1) Homogenous photo-catalyst: the medium of the reaction and the
catalyst had the same phase, such as ozone and photo-
Fenton systems (Fe* and Fe*/H,0,) [48].

2) Heterogeneous photo-catalyst: the catalyst has different phase from
that of the reactants, such as most semiconductors (TiO,, ZnO, and
Fe,0s).

Photo catalytic degradation is a rapidly expanding method for wastewater
treatment [49]. It is an efficient process for the degradation of toxic
organic compounds from water into mineral species such as CO, and

others[50-52].

1.7 Semiconductor

Is normally a solid material [53], with an electrical conductivity between
conductor and an insulator [54, 55]. Semiconductors contain two energy

bands, one of the highest occupied valance energy band (VB), which is


https://en.wikipedia.org/wiki/Fenton%27s_reagent
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completely filled with electrons. The lowest unoccupied conduction energy
band, is empty of electrons (CB).
Semiconductors are widely used in many applications for example, photo-
catalysis of water, purification of soil, water and air, and disinfection from

micrograms drugs and other pollutants.

1.7.1 Semiconductor photo catalyst

It is an important technology that rapidly expands for the removal of
organic pollutants from water [56-58]. In the presence of a photo-catalyst
(Zn0O), each band in the semiconductor photo catalyst has a different
energy level. The valance band (VB) is the highest filled energy band, and
the conduction band (CB) is the lowest empty energy band [59]. The
energy band gap separates the VB and the CB.

When absorption of photon with energy greater than the energy of band
gap occurs, excitation of electrons occurs from the (VB) to the (CB),
leaving a hole (h™) in VB and an electron in CB. These separated holes and
electrons transfer to the semiconductor surface and react with other
species. The holes react with a reducible species to produce an oxidized
product, and the excited electrons react with oxidants. This series of
reactions degrades organic pollutant molecules to give CO,, H,0O, and

other minerals figure (1.5) [60].
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Figure (1.5): How semiconductor photo catalyst reaction occurs [60]

The basic reactions of degradation process are shown below:
ZnO + photon —» h*™ +e
H Q2 H* + OH-
h*+OH — OH’
h*+H,O—->H*+0OH"
e+0,— 0Oy
20,"+H"—>20H" "+ 0O,
H,0; + photon — OH *+ OH
Organic + OH" + O, — CO; + H,0 + other possible minerals

[61].

1.7.2 ZnO semiconductor photo-catalyst

(1.1)
(1.2)
(1.3)
(1.4)
(1.5)
(1.6)
(1.7)

(1.8)
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Zinc oxide is a white inorganic, fine insoluble powder with the formula
ZnO [55, 62], widely used in many applications such as semiconductor
devices, additive material (in glass, paints, pigments, food, batteries) and
others [63, 64]. ZnO is a promising semiconductor mostly used as a
powder photo-catalyst due to its highly photo sensitivity, low cost, strong
oxidizing power, stability and nontoxicity [65]. It has wide bandgap
(3.2eV) that demands UV light ~380 nm. Therefore, ZnO has been used as
a semiconductor photo-catalyst for the degradation of pollutants in water

under UV or direct sun light [64].

1.8 Sensitization

In order to improve zinc oxide properties as semiconductor and photo
catalyst under solar visible light; studies have been made to sensitize ZnO
by adding another element or compound. Using small band gap
semiconductor particles (such as CdS) is not an alternative, because they
are unstable and degrade into hazardous ions of Cd?* ions [66].

Many synthetic sensitizers are classified as environmentally hazardous
(such as Ru based dyes) [14]. Therefore, natural dyes are being proposed
as sensitizers in solar cells, due to their safety, low cost and eco-

friendliness [13]. Examples of natural dyes are: carotenoids [67],
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chlorophyll derivatives and related natural porphyrins [68], and
anthocyanins [69].

Anthocyanins occur in all tissues of plants, including leaves, stems, roots,
flowers, and fruits. Anthocyanins have been shown to act as a "sunscreen”,
protecting cells from high-light damage by absorbing blue-green and UV
light, thereby protecting the tissues from side effects [70].

Anthocyanin is a safe low cost dye, available, easy to extract and
applicable without additional purifications. It has medium band gap of 2.3
eV and absorbs in the visible region. Moreover, it has several carbonyls
and hydroxyl groups that make it easy to bond to the semiconductor
surface [13] as shown in figure (1.6). Thus it can be used as sensitizer for

ZnO photo catalysts.

R, Ry
OH Pelargonidin H H
Cyanidin OH H
R, Peonidin OCH; H
Delphinidin OH CH
Petunidin OCH OH

Malvidin OCH, (0CH-

Figure (1.6): Structural formulas for different anthocyanins [13].

1.8.1 Sensitizing ZnO by anthocyanin dyes

ZnO is one of the most used semiconductor materials in dye sensitization
of solar cells. It has relatively high stability against photo corrosion [71].
Both ZnO and TiO; have similar band gaps of 3.2 eV and similar electron

injection efficiency from excited dyes [72]. Moreover, ZnO has higher
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performance than TiO,, due to its higher sensitivity to UV fraction of
fallen sun light [73].

The dye medium band gap absorbs light wavelengths in the visible region.
This leads to electron-hole generation in the dye molecule, by exciting the
electrons from dye HOMO to LUMO. Charge transfer from dye LUMO to
ZnO conduction band occurs, followed by generation of hydroxyl radicals.
Oxidation of pollutants by excited ZnO/dye then occurs. The dye with
medium band gap may not itself oxidize some organic pollutants,

depending on their needed Oxidation potentials.
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Figure (1.7): Sensitized ZnO semiconductor photo-degradation reaction [13].

1.9 Objectives

The main purpose of this work is to purify water from organic contaminant
(2-chlorophenol) by two ways: adsorption and photocatalytic degradation
under direct solar light, using an inexpensive and non-toxic semiconductor

material (ZnO). The prepared nano-sized ZnO particles are supported on
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solid natural clay. Safe, natural and low cost Anthocyanin dye is used to
sensitize the supported ZnO catalyst. This work is expected to lower the
pollutant concentration in water using a simple and cheap method without

any expensive or dangerous chemicals.

Technical objectives:

e Preparation of nano-ZnO powder.

e Characterization of the prepared ZnO nano- particles using
photoluminescence, UV-Visible spectroscopy, FT-IR spectroscopy,
XRD and SEM.

e Preparation of new nano-sized composite material ZnO/Clay and
characterizing them using  photoluminescence, UV-Visible
spectroscopy, FT-IR spectroscopy, XRD and SEM.

e Using the supported catalyst in the photo degradation of aqueous
organic contaminants (2-chlorophenol) in water.

e Sensitization of the composite catalyst (ZnO/Clay) with anthocyanin
natural dye.

e Using the sensitized-supported catalyst in the photo degradation of 2-
chlorophenol in water under direct sunlight.

e Study effects of different parameters (pH, contaminant concentration,
sensitization, catalyst concentration) on catalyst activity in
degradation process.

e Recover the catalyst after the photo degradation process of 2CP and

study the possibility of reusing it in another fresh degradation process.
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1.10 Novelty of this work

During recent years the photo catalysis process has been widely
investigated for the purification of water from many toxic and organic
pollutants. It is a new promising environmental protection technology.
Naked TiO, and ZnO have been used as photo catalysts for degradation of
widespread pharmaceutical wastes [55]. Other studies used pristine and
kaolinite supported ZnO catalyst in the degradation of 2CP in water under
direct sun light [74]. Another study wused ZnO/montmorillonite
nanoparticles as catalyst for the adsorption and photo-degradation of
tetracycline in water [54]. Earlier studies did not combine supporting ZnO
photocatalysts and sensitizing them together. In this work, sensitized and
non-sensitized natural clay supported nano ZnO particles are used for the
degradation of 2-chlorophenol under direct sun light. To our knowledge,
natural dye sensitized ZnO particles have not been supported onto natural
clays for photo degradation purposes. The newly prepared composite
clay/ZnQO/dye is used for photo catalytic degradation of 2-chlorophenol, by
direct sun light, for the first time.

On one hand, supporting the ZnO nano particle onto natural clay would
provide high efficiency due to clay distinctive physical properties, such as
large specific area, layered structure and high adsorption. On the other
hand, supporting facilitates the catalyst separation and removal after the
degradation experiment. This allows the catalyst recycling and reuse in

additional degradation process [18, 24, 25].
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On other hand, as only ~4% of the solar radiations are in the UV region,
the ZnO semiconductor can be sensitized by dye molecules to work in
abundant the visible range. The natural dye-sensitized ZnO can then be
used in the visible light, as the dye has smaller band gap and absorbs in the

visible region.
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Materials and methods
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Chapter Two
Materials and methods

2.1 Materials

Zinc acetate dihydrate [Zn(OOCCH3),. 2H,0] was purchased from Sigma
Aldrich and NaOH from Frutarom Co. Natural clay was purchased in its
solid state from local pottery workshop at Jaba-Jenin-Palestine. All these
materials were used for the preparation and synthetic the ZnO and
composite  ZnO/Clay nanoparticles. The contaminant model 2-
chlorophenol was purchased from Sigma Aldrich. Anthocyanin dye was
extracted from dried karkade flowers which were purchased from local

markets.

2.2 Equipment

Stirred thermostated reactor with water bath model 80 from Fisher was
used for reaction. A Lux-meter (Lux-102 light meter) was used to
determine the intensity of sunlight that reaches the water sample under
study. A Scientific Ltd model 1020 D.E centrifuge was used to separate
contaminant solution from solid material and prepare the aliquots for
analysis.-

Water 1525 Binary High performance liquid chromatography, equipped
with water 2998 photodiode array detector and detection wavelength of

280 nm, was used to study the absorbance of remaining 2-chlorophenol in



35
solutions during adsorption and photo degradation processes. The sunlight
was used as source of light.
Crystal structure ZnO and other composite catalysts were investigated by
X-Ray diffractometer (XRD) with Cu ko (A1ss18 a<) as source. The
measurements of XRD and SEM were kindly conducted in the laboratories
of the UAEU at United Arab Emirate.
Loss-Angloss Abrasion machine was used for aggregation of used
Crockery to form fractions of clay, which were separated according to their
sizes.
A Shimadzu UV-1601 spectrophotometer, equipped with a thermal printer
Model DPU-411-040, type 20BE, was used for the determination of
anthocyanin dye concentration, and for characterization of prepared
catalysts (sensitized and non-sensitized ones).
A Perkin-Elmer LS50 Luminescence Spectrophotometer was used for
photoluminescence measurements of each catalyst.
Fourier-Transform Infrared Spectroscopy (FT-IR), Nicolet iS5 connected
with iD3 ATR Thermo Scientific, was used for each composite catalyst
characterization.
A Jenway 3510 pH meter was used to adjust the reaction mixture pH as
desired. A mercury thermometer was used to measure temperature. The
accurate masses were measured by using a fourdigit balance (AR-3130

from OHAUS Crap).
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2.3 Preparation of solutions

e Stock solution preparation:
2-chlorophenol stock solution (1000 ppm) was prepared by dissolving
0.1 g 2-chlorophenol in distilled water and then diluting it to 100 ml. The
stock solution was kept in the dark for further uses.
e Dilute solutions of both NaOH and HCI were prepared for the purpose
of controlling the pH in the catalytic experiments.
e Sodium Hydroxide NaOH (0.9 M) solution was prepared by dissolving
9 g in 250 ml aqueous solution.
e Zinc acetate (0.68 M) was prepared by dissolving 15 g of zinc acetate

dihydrate in 250 ml aqueous solution.

2.4 Catalyst preparation

2.4.1 ZnO particle preparation:

ZnO particles have been prepared using the precipitation method. A 250
mL of sodium hydroxide solution (0.9 M) was heated to 55 C. then 250 mi
of zinc acetate solution (0.68) was added drop wise to the heated solution
under high speed magnetic stirring. The resulting powder was decanted
and washed with distilled water until the solution became neutral. Finally
ZnO powder was then separated using a centrifuge (speed 6000 round per

min, for 6 min).
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2.4.2 Preparation of clay particles

Pre-heated solid pottery clay (from local producers) was crushed using
Loss Anglos Abrasion machine for 30 min. The resulting clay fractions
were then separated by sieving. The Clay powder with diameter < 75 um

was used to prepare supported catalyst for further study.

2.4.3 Supporting ZnO powder onto clay particles

Clay powder (10 g) were placed in 250 mL of 0.9 sodium hydroxide
solution. The mixture was heated to 55°C with magnetic stirring, and Zinc
acetate solution (250ml, 0.68 M) was added dropwise. Adding excess
NaOH was intentionally made to push the reaction of Zn? ions to
completion. The resulting powder was decanted and washed with distilled
water until neutral. The ZnO/Clay dispersed powder was calcinated and
dried at 450°C under air for 60 min using heating mantel with mechanical
stirring to allow enough time for ZnO particles to be entrapped on clay
particles. The powder was then collected, and stored in dark for

characterization and further use.

2.4.4 Extraction of anthocyanin dye

Karkade (Hibiscus tea) dried flowers (40 g) was placed in 100 mL ethanol
and soaked inside a container with magnetic stirring for 60 min. The
mixture was then left to settle down, and the extracted anthocyanin dye

was then filtered and kept in dark for further analysis and uses. The deep
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red color was achieved at pH< 1 by adding drops of concentrated HCI.

Under acidic conditions, anthocyanin solution becomes more stable [75].

2.4.5 Sensitization of composite catalyst

ZnO/Clay catalyst (4 g) was mixed with suitable amount (30 mL) of
extracted anthocyanin dye (1.4x10°® M) solution and magnetically stirred
for 60 min in 100 mL beaker at room temperature. The mixture was then
stored and left overnight in dark. The resulting sensitized ZnO/Clay solid
was then filtered and air dried away from light. A filtrate sample (10 mL)
was taken in each trial and stored for determination of anthocyanin

concentration, and to calculate the amount of adsorbed anthocyanin.

2.4.6 Determination of Anthocyanin dye concentration

Anthocyanin dye concentration before and after sensitization was
measured in acidic form (pH = ~1). The absorption wavelength is 533 nm.
Based on anthocyanin molar absorptivity (e = 30,000 M*cm™) [76], Beer’s

law was used to calculate the anthocyanin concentration.

2.5 Photo-catalytic experiments:

2.5.1 2-Chlorophenol contaminant removal:

The adsorption experiment was performed by stirring a known

concentration of 2-chlorophenol contaminant with the composite catalyst
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in a 250 mL Erlenmeyer flask. The experiment was carried out under
shaking for 60 min at 150 rpm in dark at room temperature.

The photo-degradation experiment was carried out under direct sun light in
a magnetically stirred thermostated 100 mL beaker for 120 min. The
beaker was thermostated by using water-bath to keep the temperature
constant as desired (25°C).

Direct sunlight (with about 4% UV) was applied to reaction mixture
surface, the average measured sun light intensity during May — July
months in Nablus city-Palestine, was 100000 lux (0.0146 w/cm?). At
different reaction times, small aliquots of solution were syringed and
double centrifuged (6000 round/minute for 6 minutes). HPLC was used to
measure the change of 2CP concentration with time during the photo
catalytic degradation reaction. The photo catalytic reaction was studied
under different conditions. Effects of pH, catalyst loading, concentration of
2-Chlorophenl, and effect of sensitization, on reaction progress were all

investigated.

2.5.2 Effect of 2CP contaminant concentration on the photo-

degradation:

Different solutions of 2CP (10, 20, 40, 60 ppm) were prepared and mixed
with 0.1 g ZnO (0.2g ZnO/Clay) for the adsorption-photo degradation
process (for 1 hour of shaking in dark to reach equilibrium then under

direct sunlight for 120 min).

2.5.3 Effect of composite catalyst loading on the photo-degradation:
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Different amounts of ZnO/Clay (0.1, 0.2, 0.4 g) were mixed with 100 ml
of 20 ppm aqueous 2CP contaminant solution to study the effect of catalyst

amount on the degradation process.

2.5.4 Effect of pH

The pH medium was changed by adding a few drops of sodium hydroxide
(NaOH) or hydrochloric acid (HCI). The reaction was carried out by
mixing 0.2 g of ZnO/Clay catalyst with 100 ml of 20 ppm 2CP aqueous
solution, the mixture was shaken in dark until equilibrium and then under
direct sun light for 120 min. Acidic medium (pH= 3.5, neutral medium (pH

7.0) and basic medium (pH=10.5) were all examined.

2.6 Control experiments

A number of control experiments were preformed, as follows:

1- In the absence of catalyst, the solution of 2CP 20 ppm was shaken in
dark for 60 min and then placed under direct sun light for 120 min.
Concentration of pollutant, measured with time, did not change,
which indicates that the pollutant did not photo-degrade with no
catalysts.

2- In the dark, 100 ml of 2CP were shaken with 0.2 g composite
catalyst (containing 0.1g ZnO) for 60 min until equilibrium. The
contaminant concentration was measured with time. About 11% of

2CP was absorbed by the composite catalyst in the dark.
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3- 20 ppm 2CP solution was shaken in dark with 0.2 g of ZnO/Clay
catalyst one time and another with sensitized ZnO/Clay catalyst for
60 min, and then exposed to direct sun light for 4 hrs. Both
composite catalysts show ~ 95% loss of 2CP contaminant.

4- Anthocyanin dye solution, with no ZnO, was studied alone as
catalyst, in dark and under sun light. The dye did not affect the 2CP
contaminant concentration.

5- Sensitized composite catalyst was used under cutting off UV light
(eliminating 400 nm and shorter wavelengths) for 120 min. The
absorbance spectra of 2CP contaminant amount loss was measured
with time. Shows ~10% degradation loss of 2CP contaminant. Thus
sensitized catalyst was almost not affected by UV light from the sun
light. This indicates the role of the dye in sensitizing ZnO/Clay to

the visible light.

2.7 Calibration curve of 2-chlorophenol.

High performance liquid chromatography analysis was conducted for the
2-chlorophenole analysis. The used detector was photodiode array and the
detection wavelength was 280 nm, the eluent solution was [55% methanol,
55% (0.3 M) H3PO4] in flow rate 1 mL/min, the injection volume was
10pl. Figure (2.1) shows a well formed peak of 2-chlorophenole at tr ~ 6
min. A calibration curve was built for 2-chlorophenol analysis, Figure

(2.2).
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Figure 2.1: HPLC chromatogram for freshly prepared 2CP solution (20 ppm).
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Figure (2.2): Calibration curve for 2-Chlorophenol in Distilled water by HPLC method.
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Chapter Three

Results and discussion

3.1 Catalysts Characterization

Characterizations of catalysts were carried out by solid state UV-Visible
absorption spectrophotometry, solid state photo luminance spectrometry,

IR spectroscopy, XRD and SEM techniques.

3.1.1-UV-Visible absorption spectrophotometry characterization

Solid state UV-Visible electron absorption spectra were measured in

quartz cell, as suspension in water. Water was used as baseline correction.

1- ZnO catalyst:
Figure (3.1) represent the absorption spectrum of the prepared ZnO
powder, the absorption spectrum shows absorption maximum (Amax =380

nm) similar to that of literature [77].

2

Absorbtion

200 400 600 ~ 800 1000
Wavelenghth (nm)

Figure (3.1): The Electronic absorption spectra of prepared Zno powder.
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2- ZnO/Clay composite catalyst
Figure (3.2) shows the electronic absorption spectrum for ZnO/Clay and
clay catalyst. Naked clay shows no absorption maxima in the range 200-
800 nm, while the other system of ZnO/Clay show absorption maxima at
Amax =375 nm with shorter wavelength than the naked ZnO powder. The
slightly blue shift compared with the prepared ZnO is attributed to smaller

particle size of ZnO supported onto clay [78].

2.1 a
18
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1.2

a Zn0O/clay
0.9 b b

ABSORPANCE
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Figure (3.2): Electronic absorption spectra of a) ZnO/Clay catalyst, and b) Naked Clay.

3- Extracted Anthocyanin dye determinations:
Figure (3.3) shows the molecular absorption spectrum for extracted
Anthocyanin. The absorption spectrum is similar to the anthocyanin

spectrum reported in literature before [79].
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Figure (3.3): Molecular absorption spectrum for extracted Anthocyanin.

Dye-sensitized ZnO/Clay catalyst

Figure (3.4) shows the UV-Visible absorption spectra for Anthocyanin/
ZnO/Clay catalyst. Sensitized system show two absorption maxima, one
at ~ 600 nm (attributed to the anthocyanin absorption), and the other at ~

380 nm (attributed to ZnO absorption).
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Figure (3.4): UV-Visible Absorption spectra of anthocyanin dye-sensitized solids a)

ZnO/Clay catalyst, b) naked clay.
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- Effect of Solution pH on Anthocyanin absorption.

Anthocyanins may exhibit different colors, depending on their pH,
structure, and the presence of co-pigments. The absorbance is responsible
for the red-purple color of anthocyanin (complementary to
green chlorophyll in photo synthetically-active tissues) [80]. Anthocyanin
dye may degrade at higher pH mediums. Thus the absorbance of
anthocyanin dye in visible region is higher at pH<8. Figure (3.5a) shows
the absorption spectrum of anthocyanin in basic form (pH = 8.5), while
Figure (3.5b) is the absorption spectrum of anthocyanin in its acidic form
(pH = 3.5). As shown in Figure (3.5) bellow, the acidic anthocyanin shows

higher molar absorptivity with shifting to lower wavelength.

2.5

1.5 b

basic

ABSORBANCE

acidic

0.5

300 400 500 600 700 800 900
WAVELENGHTH (NM)

Figure (3.5): Anthocyanin dye UV-Visible spectra under different pH mediums a) pH
=8.5 and b) pH =3.5. Spectra were measured using same dye concentration solution in

each case.
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- Spectrophotometric determination of Anthocyanin dye concentration:

Figure (3.6) shows the absorbance of anthocyanin dye before and after
sensitization. The concentration of anthocyanin in the extracted solution
was calculated and found to be (1.4*10° M). The concentration of the
solution after catalyst filtration and separation was (0.91*10° M). The
calculated loading of dye onto ZnO is thus 0.71*10° molecule

dye/molecule ZnO.

a‘d'\,fe intial concentration

Absorbance
(=]
[s.2]

a bd'\/e sensitized clay
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Figure (3.6): Anthocyanin dye absorption spectra a) Anthocyanin in the extracted

solution, and b) the filtrate after sensitization of ZnO/Clay catalyst.

3.1.2 Photoluminance spectrometry characterization

A Perkin-Elmer LS50 Luminescence Fluorometer was used for
photoluminescence measurements. Emission spectra were used to
determine catalyst band gap. Small amount (0.1 g) of each composite

catalyst systems were suspended in distilled water (10 mL) and placed in
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quartz cell. The suspensions were excited at Aex=420 nm. As shown in
figure (3.7), the sensitized ZnO/Clay composite show increases in the
emission intensity at Agm = 420 nm comparing with ZnO/Clay and ZnO,

this is an indication of increasing the number of photons being absorbed.

35
w3
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é 2.5 Zn0
Q 2 a b ZnOfclay
g C_ A ocvanin/ fclan
Anthocyanin/ZnO/clay
15 b
1
05

350 400 450 500 550
WAVELENGHTH (NM)
Figure (3.7): Photoluminance emission spectra of a) ZnO, b) ZnO/Clay, and c)

Anthocyanin/ZnO/Clay catalysts. Excitation wavelength was 4-20 nm.,

3.1.3 Fourier-transform infrared spectroscopy (FT-IR) characterization

Fourier-Transform Infrared Spectroscopy (FT-IR), Nicolet iS5 connected
with iD3 ATR Thermo Scientific was used for the composite catalysts
characterization. Figures (3.8), Shows the FTIR spectra of the synthesized
ZnO. The spectrum is clearly shows the ZnO absorption band near IR
(wavenumber ~ < 500 cm?) [81, 82]. The 3450cm™, and 2350 cm™
absorption indicate the presence of atmospheric moisture, CO,, or

adsorbed acetic acid on the ZnO surface [83].
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Figure (3.8): IR-Spectram of prepared ZnO nano-particles.
Figure (3.9) shows the FT-IR spectrum of extracted Anthocyanin, the
spectrum proofing the presence of anthocyanin by comparing with

literature anthocyanin spectrum, Figure (3.10).
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Figure (3.9): IR-Spectrum of ethanol-extracted anthocyanin from karkade.
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Figure (3.10): literature IR-Spectra of pure anthocyanin dye [84].

The FT-IR of Anthocyanin/ZnO/Clay system is shown in Figure (3.11).
Distinguished peaks of Anthocyanin (3000, 1043, 1070, 1233, and 1398
cm?t) are shown in the spectrum. The shift of peaks is attributed to the
chemisorption of anthocyanin onto catalyst surface. This is an evidence of
presence of adsorbed anthocyanin on the catalyst surface which chemical

bond formation.
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Figure (3.11): IR-Spectra of sensitized Anthocyanin/ZnO/Clay catalyst.
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3.1.4 X-Ray diffraction characterization

X-ray diffraction (XRD) patterns were measured with Cu Ka radiation (A =
1.5418 A) as a source. Scherrer equation was used to calculate the particle

size.
KA

d =
B cosf@

Where d is the mean particle size, which may vary for different particles,
K (about 0.9) is the shape factor, A (0.154 nm) is the x-ray wavelength, B
IS broadening at half the maximum intensity in radians, and 0 is the Bragg

angle.

X-Ray diffraction analysis of ZnO:

X-ray pattern was measured for prepared ZnO nano-powder, Figure (3.12).
The figure shows distinguished peaks at 206 = (31.6°), (34.1°), (36°),
(47.4°), (56.5°), (62.7°) and (68.4°). The comparison of XRD pattern of
the prepared ZnO with a pattern of ZnO in literature, Figure (3.13),
confirms the hexagonal Wurtzite type.

Prepared nano-ZnO particle size was calculated using Scherrer equation

and found to be ~20 nm [85].
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Figure (3.12): Measured XRD-pattern of prepared ZnO nano-particles.
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Figure (3.13): Literature XRD-pattern of Wurtizite Crystal ZnO nano-material [86].

X-Ray analysis of ZnO/Clay:
X-Ray pattern was measured for prepared ZnO/Clay composite Figure
(3.14).The XRD pattern in Figure (3.14) shows distinguished peaks for

ZnO hexagonal wurtzite type of ZnO powder. The calculation of Sherrer
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equation based on peaks shows a decrease in the particle size of ZnO on

clay surface, the calculated ZnO particle size is ~15.2 nm.

The inter layer distance of the clay was 0.3 nm, as calculated by Bragg’s

law [87], d = nA/2sin© (Where d is the inter planer distance in the crystal,

O is the Bragg angle, and n is an integer = 1 at A = 1.5418 °A).

A comparison of XRD pattern of prepared ZnO/Clay catalyst with the

XRD pattern of clay sample from literature, Figure (3.15) [88, 89] was

done. The comparison proves the presence of the following composition in

the Clay.

1- Kaolinite: the kaolinite peaks are at 26 = (13.3°), (23°), (39.5°) and
(43°). The interlayered distance of kaolinite clay exists in prepared clay
was = 0.3 nm. Compared with that of literature sample interlayer
distance = 0.29. Kaolinite is non expandable clays, and has a small
interlayer distance. So that ZnO nanoparticles can’t penetrate between
Kaolinite layers.

2- Quartz: the quartz peaks are at 20 = (20.8°), (26.6°) and (50.2°). Quartz
1s non layered structure, and the ZnO particles also can’t penetrate
inside. [90]

3- Montmorillonite: the montmorillonite is at 206 = (29.5°) with interlayer
distance ~0.31 nm.

The results thus improves that ZnO particles presence only on the clay

surface (do not penetrated between clay layers).
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Figure (3.15): Literature XRD-pattern of clay sample [88, 89].

3.1.5 Scanning electron microscopy (SEM) characterization

Surface morphology and estimated size were measured for ZnO/Clay
composite catalyst with field emission scanning electron microscopy using

the energy dispersive spectroscopic FE-SEM/EDS technique.
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Figure (3.16a) shows the SEM of prepared ZnO catalyst. Figure (3.16b)
shows the SEM of prepared ZnO/Clay catalyst. Both figures show ZnO
particles living in agglomerates on the clay surface. The ZnO powder

involves larger agglomerates (~ 400 nm) than supported ZnO (~ 200 nm).
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Figure (3.16): SEM micrographs a) for prepared naked ZnO particles. b) Supported

ZnO/Clay catalyst.
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3.2 2-Chlorophenol adsorption

adsorption reaction of 100 ml 2CP aqueous solution mixed with ZnO/Clay
catalyst in dark for 60 min with continues shaking before exposed to sun

light was studied, different parameters where also investigated.

3.2.1 Effect of 2CP contaminant concentration on adsorption reaction

Table (3.1) shows a decrease in the parentage of adsorption as 2CP
concentration increase. When changing the initial concentration of 2CP
solution from 10 ppm to 60 ppm, the amount absorbed increased from ~1

ppm (14% removal) to 4 ppm (7% removal).

Table (3.1): Values of 2CP removal percentage by adsorption using

different contaminant concentrations in dark for 60 min.

2CP 10 ppm 20 ppm | 40 ppm | 60 ppm
concentration
% 2CP removal |14 % 12 % 11 % 7%

3.2.2 Effect of catalyst loading

Table (3.2) shows the results of changing catalyst amounts (0.1g - 0.4 g),
an increase of percentage of adsorption was observed as catalyst amount

increase.

Table (3.2): Values of 20 ppm 2CP solution removal percentage by

adsorption using different catalyst amounts in dark for 60 min.

ZnO/Clay 0.1g 0.2¢g 04¢g
amount
% 2CP removal |11 % 12 % 12 %
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3.2.3 Effect of pH

Table (3.3) shows the results of adsorption of 20 ppm 2CP solution mixed
with 0.2 g ZnO/Clay catalyst in different pH media. The highest adsorption
percentage was observed in acidic medium, due to the interactions between
negatively charged surface of clay and cations of 2CP contaminate, thus
encourage adsorption onto the surface [54]. Low adsorption was observed
with more basic conditions due to repulsion between negatively charged

surface area and 2CP anionic form [91, 54].

Table (3.3): Values of 2CP removal by adsorption under different pH

media (acidic = 3.5, neutral = 7, basic = 10.5).

pH Acidic Neutral Basic
% 2CP removal |16 % 12 % 4%

3.2.4 Effect of Anthocyanin-sensitization

Sensitized prepared catalyst shows low adsorption efficiency by ~ 6 % in
neutral conditions, due to the competition between molecules of dye and

2CP contaminate to the sites and pores on ZnO/Clay catalyst surface area.

3.3 2-Chlorophenol photo catalytic degradation

ZnO/Clay in photo-degradation of 100 ml 2CP contaminant solution was
investigated under direct sun light with 0.0146 w/cm? intensity for 120
min. different condition of concentration of 2CP contaminant, amount of
used catalyst, pH and sensitization of catalysts on photo degradation

reactions, were all studied
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The percentage of photo- degradation, values of overall rate, turnover
number (T.N), turnover frequency (T.F) and quantum yield (O.Y) were all

measured for each experiment [74].

The turnover number (T.N) =
Number of moles of 2 — CP reacted contaminant

Number of moles of Zn0 catalyst

turnover number

The turnover frequency (T.F) = Time (min)
ime (min

Quantum yield (Q.Y)
number of 2 — CP contaminant reacted molecules

Total number of photons.

At 555 nm (assumed average wavelength of light), the total number of
photons after 120 min = 4.98 X10*° according to Plank’s equation.

E(J) = nhv

Where, E(J) = (incident power per unite area) X (total area) X (exposure
time in second).

And, v = ¢/A

Incident power = 0.0146 w.

Time in seconds = 120 min X 60 second.

c=3 X108

h (Plank constant)= 6.62 X103 m?kg/s.
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3.3.1 Effect of 2-chlorophenol contaminant concentration on

degradation reaction

Figure (3.17) shows the degradation experiment using different initial
concentrations of contaminant solutions ranging from 10 ppm — 60 ppm.
Table (3.4) shows that the contaminant degradation percentage decreased
with increased concentration, but this does not indicate lowering in catalyst
activity, as other parameters (rate, T.N, and Q.Y) show higher efficiency
with higher contaminant concentrations. Increasing of T.N due to light

scattering [92]
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time (min)
Figure (3.17): Effect of 2CP concentration on its degradation reaction: a) 10 ppm b)
20 ppm c) 40 ppm d) 60 ppm. All reactions were conducted using 0.2 g of ZnO/Clay

composite catalyst at room temperature under direct sun light for 120 min.
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Table (3.4): Values of percentage of Photo-degradation, rate of
reaction, turnover number, turnover frequency, and quantum yield
using 0.2g of ZnO/Clay catalysts mixed with 100ml of different

concentrations of 2CP contaminant solution.

Initial 2CP % photo- rate TN |T.F Q.Y
concentration (ppm) | degradation (10%) | (10%) | (102)
10 45 0.15 0.725 1 0.004 | 3.6

20 56 0.38 1.8 0.01 8.87
40 44 0.59 2.833 10.016 |13.9
60 35 0.72 3.392 | 0.02 16.7

3.3.2 Effect of ZnO/Clay catalyst loading

Figure (3.18) shows photo catalytic degradation experiments of 20 ppm
2CP solutions using different amounts of prepared ZnO/Clay catalyst
(0.05-0.2 g Zn0).The results indicate that the degradation of 2CP
increased with increasing catalyst amount as the number of active sites
available increased. However, degradation at higher concentrations
decreased, as ZnO molecules being screening the light and prevent it from
reaching the of catalyst surface, which lowers the catalyst efficiency as

shown in Table (3.5).
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Figure (3.18): Effect of different amounts of ZnO/Clay prepared catalyst: a) 0.1g b)
0.2gc)0.3gd)0.4g. on to degradation reaction of 2CP under direct sun light at room

temperature and natural pH.

Table (3.5): Values of percentage of Photo-degradation, rate, turnover
number, turnover frequency, and quantum vyield using variable
amounts of ZnO/Clay catalysts mixed with 100ml of 20 ppm 2CP

contaminant solution.

Amount of %  photo-|rate |T.N |T.F QY
ZnO/Clay (g) | degradation (103) | (10®) | (10%)
0.1 43 0.071 | 2.703 | 0.015 |6.66
0.2 56 0.094 | 1.8 0.01 8.87
0.4 49 0.082 | 0.775 | 0.0043 | 7.65

3.3.3 Effect of pH on photo-degradation of 2-chlorophenol contaminant

Figure (3.19) shows the photo-degradation experiment of 2CP contaminant
at different pH values (acidic =3.5, neutral =7, basic= 10.5) of reaction

medium. Table (3.6) shows that the highest percentage of degradation, T.N
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and Q.Y was in the basic medium followed by the neutral one, due to
adsorption of high concentrations of hydroxide anion in basic medium
which will encourage the formation of hydroxide radicals, and enhance the
oxidation of contaminant molecules [93]. In acidic medium, ZnO catalyst
undergo photo-corrosion and dissociation yielding Zn*? ions [14, 93].

Zn0 + 2h+ — Zn?* +1/2 O, (3.1)
ZnO + 2H+ — Zn** + H,0 (3.2)
At pH < 9, ZnO assumes the form (ZnOH?+) [74], while 2CP exists in the
protonated form and acquire a positive charge, thus the protonated 2CP
will be retarded from ZnO catalyst surface (repulsion) and the active
species *OH. The photo degradation efficiency will thus be inhibited at

low pH.
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Figure (3.19): Effect of pH on 2CP removal by 0.2 g of ZnO/Clay composite catalyst

with time: a) basic at pH= 10.5 b) neural at pH= 7 c) acidic at pH= 3.5.
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Table (3.6): Values of percentage of Photo-degradation, rate, turnover
number, turnover frequency, and quantum vyield using 0.2 g of
ZnO/Clay catalysts mixed with 100ml of 20 ppm 2CP contaminant
solution under different pH media (acidic = 3.5, neutral = 7, and basic

= 10.5) for 120 min under direct sun light.

Sample | % photo- rate TN |[TF |QY

degradation (10%) | (10%) | (10%)
Acidic 28 0.0475 0.895 | 0.005 |4.41
Neutral 56 0.094 1.8 0.01 |8.87
Basic 66 0.112 2.125 10.012 | 10.5

3.4 Anthocyanin dye sensitization of ZnO/Clay prepared catalyst

Anthocyanin-sensitized ZnO/Clay catalyst used for the degradation of 100
ml 2CP contaminant solution in water under direct sun light with 0.0146
w/cm? intensity for 120 min. Different conditions were studied. Values of
photo degradation percentage, overall rate, T.N, T.F and Q.Y were all

calculated.

3.4.1 Effect of 2-Chlorophenol Concentration

Figures (3.20) shows the degradation experiment using different initial
concentrations of 2CP solutions ranging from 10 ppm — 60 ppm, using 0.2
g dye-sensitized ZnO/Clay catalyst. Table (3.7) shows the contaminant
degradation percentage decreases with increased concentration, however,

the rate, T.F and Q.Y of 2CP degradation increased with increased initial
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concentration. Indicates the catalyst efficiency and activity did not affected

by concentration.
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Figure (3.20): Effect of 2CP concentration on degradation reaction: a) 10 ppm b) 20
ppm c¢) 40 ppm d) 60 ppm. AIll reaction were conducted using 0.2 g of
anthocyanin/ZnO/Clay composite catalyst at room temperature under direct sun light

for 120 min.
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Table (3.7): Values of percentage of Photo-degradation, rate of
reaction, turnover number, turnover frequency, and quantum yield
using 0.2g of anthocyanin/ZnO/Clay catalysts mixed with 100ml of

different concentrations of 2CP contaminant solution.

Initial 2CP % photo- rate |T.N |T.F Q.Y
concentration degradation (10%) [ (10%®) | (10%)
(ppm)

10 56 0.18 |0.95 |0.0053]|4.7

20 64 0.431 |2 0.011 |9.86
40 50 0.68 |3.2 0.018 |15.7
60 44 0.87314.25 |0.024 |21.0

3.4.2 Effect of dye sensitized ZnO/Clay catalyst loading

Figure (3.21) shows the photo catalytic degradation experiments using
different amounts of prepared Anthocyanin/ZnO/Clay catalyst (0.05-0.2¢g
ZnO). Similar to the previous results of ZnO/Clay catalyst, the
degradation of 2CP increased with increasing catalyst amount. However, at
higher amounts ZnO molecules screening the light, which reduce light

penetration and lowering the catalyst efficiency.
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Figure (3.21): Effect of different amounts of anthocyanin/ZnO/Clay prepared catalyst:
a) 0.1g b) 0.2 g ¢) 0.3 g d) 0.4 g. on to degradation reaction of 2CP under direct sun

light at room temperature and natural pH.

Table (3.8): Values of percentage of Photo-degradation, rate, turnover
number, turnover frequency, and quantum vyield using variable
amounts of ZnO/Clay catalysts mixed with 100ml of 20 ppm 2CP

contaminant solution.

Amount of | % photo- rate TN |TF QY
ZnO/Clay | degradation (103) | (103 | (10®)
(9)

0.1 46 0.076 3 0.016 |7.15
0.2 64 0.105 2 0.011 |9.86
0.4 50 0.082 0.8 0.0044 | 7.8
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3.4.3 Effect of pH on photo catalytic degradation of 2CP by sensitized
ZnO/Clay catalyst

Figure (3.22) shows the degradation results for 2CP contaminant at
different pH values (acidic =3.5, neutral =7, basic= 10.5) of solution
mixture. Similar to ZnO/Clay, the basic medium showed the highest
percentage of degradation followed by the neutral one, while the acidic
medium showed lower photo degradation efficiency. T.N and Q.Y values
confirm these results, as shown in Table (3.9). At acidic pH, ZnO catalyst
undergo photo-corrosions and assumes the form (ZnOH;") [74], while 2CP
exists in the protonated form and acquire a positive charge, thus The photo
degradation efficiency will be inhibited due to repulsion between
protonated 2CP and ZnO catalyst surface at low pH.

At high pH values the dye itself may degrade, which require adding new
portions of anthocyanin dye to recover catalyst efficiency. The dye also

may degrade under photo degradation conditions.
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Figure (3.22): Effect of pH on 2CP removal by 0.2 g of Anthocyanin/ZnO/Clay composite

catalyst with time: a) basic at pH= 10.5 b) neural at pH= 7 c) acidic at pH= 3.5.
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Table (3.9): Values of percentage of Photo-degradation, rate, turnover number,
turnover frequency, and quantum vyield using 0.2 g of anthocyanin/ZnO/Clay
catalysts mixed with 100ml of 20 ppm 2CP contaminant solution under different

pH media (acidic = 3.5, neutral = 7, and basic = 10.5) for 120 min under direct sun

light.
Sample % photo- rate T.N T.F QY
degradation (10%) | (10®) | (10%®)
Acidic 39 0.066 1.26 0.013 |6.22
Neutral 64 0.105 2 0.011 |9.86
basic 72 0.122 2.31 0.007 [11.4

3.5 Comparison between Sensitized ZnO/Clay catalyst and non-

sensitized ZnO/Clay photo catalysts

ZnO semiconductor has wide band gap (3.2 eV).Therefore, it can oxidize
organic pollutants to simple non-toxic molecules. However, ZnO demands
UV regions of solar light, which limits its degradation activity to only 4%
of fallen sunlight [94]. Using alternative smaller band gap semiconductor
is unfavorable due to its instability [66].

In this work, Anthocyanin dye was used to improve ZnO catalyst
properties. Anthocyanin has a medium band gap of 2.3eV and absorbs
visible regions of fallen sun light. This leads to electron-hole generation in
the dye molecule. The electrons move from dye LUMO to ZnO conduction
band, lead to generation of oxygen radical which reacts with hydrogen to

produce hydroxyl radicals that oxidize the pollutant, as shown in figure
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(3.23). Thus dye-sensitized composite ZnO/Clay catalyst uses both UV
(by ZnO) and visible (by dye) regions together. This increases its photo

catalytic degradation activity.

Visible Light

1 Reduction (
1-0.25V
| dation
Oxidation UV Light
|+2.76 v
-+ ZnO Dye

V/SCE

Figure (3.23): anthocyanin dye sensitized ZnO semiconductor excitation reaction.
This explain the increase in photo-degradation of 2CP pollutant when
Anthocyanin/ZnO/Clay catalyst was used, as shown in Figure (3.24) and
Table (3.10), indicates that anthocyanin-sensitization improved activity of

the supported catalyst by ~ 10%.
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Figure (3.24): Photodegradation of 1200 ml 20ppm 2CP solution using 0.2 g of a) non-
sensitized ZnO/Clay b) sensitized ZnO/Clay catalysts under direct sun light for 120

min.

Table (3.10): Values of percentage of photo-degradation, rate,
turnover number, turnover frequency, and quantum vyield of 2-
Chloropenol degradation reaction using anthocyanin sensitized and

non-sensitized ZnO/Clay composite catalyst under direct sun light for

120 min.

Type of catalyst % photo- rate | T.N T.F QY
degradation (10°) | (10®) | (102)

Anthocyanin/ZnO/Clay | 64 0.105 | 2 0.011 |9.86

ZnO/Clay 56 0.094 | 1.8 0.01 |8.87
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3.6 Recovery of the ZnO/Clay catalyst and sensitized ZnO/Clay

catalyst

The ability of catalyst recovery and reuse in photo-catalytic reactions is an
important characteristic. This can contribute significantly to lowering the
cost of water treatment processes, and prevents further water
contamination.

After the end of the photo-degradation reaction, the treated mixture was
filtered, and catalysts were collected and reused for fresh reactions,
following the same procedures. In another experiment the filtered
sensitized composite catalyst was re-dyed in attempt to restore its
efficiency as photo-catalyst under direct sun light.

The recovered composite catalyst used showed good but decreased
efficiency (~41%) loss of 2CP. Re-dying the used catalyst was found to
restore its efficiency to (~50%) loss of 2CP in each run. The lowering in
contaminant removal by recovered catalyst is due to loss of catalyst while
recovery.

Asper catalyst efficiency, in terms of T.N and T.F, the catalyst did not lose

its efficiency on recovery and reuse, as shown in table (3.11).
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Table (3.11): Efficiency of recovered anthocyanin-sensitized ZnO/Clay

catalyst in photo-degradation reaction of 2-Chlorophenol.

Catalyst sample % removal of 2-| T.N (10®) | T.F (10®)
Chlorphenol

Fresh catalyst 64 2 0.01

Recovered 41 1.5 0.0125

catalyst

Re-dying recover | 50 1.87 0.015

catalyst

3.7 Complete contaminant mineralization:

Figure (2.1) shows the HPLC chromatogram for fresh 100 ml of 20 ppm

2CP contaminant solution, with retention time ~ 6 min.
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Figure (2.1): HPLC absorbance chromatogram of fresh prepared 20 ppm 2CP solution.
Figure (3.25) shows the HPLC chromatography of chloride ion (CI)
solution (prepared by dissolving 0.1 g of KCI in 100 ml distilled water).

The retention time for Cl-ions is ~ 3.9 min.
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Figure (3.25): HPLC absorbance chromatogram of CI" ions in KCI aqueous solution.
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Figure (3.26): HPLC absorbance chromatogram of 7 ppm 2CP after treatment 120 min
under direct sun light.

Figure (3. 26) show two major absorption peaks. At ~6 min (for 2CP
contaminant), and at ~ 4 min peak (for CI" ion in solution mixture) [95, 96]
as proofed in figure (3.25). The figures show decrease in 2CP peak area
and increase in Cl" ion peak area with time under photo degradation
conditions. The HPLC results confirm the production of CI- ions at the

expense of reacting 2CP. Moreover, no appearance for small organic
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molecules is noticed in the chromatograms with time. Therefore, reacted
2CP  molecules are being mineralized under photo degradation

experimental conditions.
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Chapter 4
Conclusion and Recommendations
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Chapter 4

Conclusions and Recommendations

4.1 Conclusions

1. Photo degradation of 2-Chlorophenol contaminant was successfully

studied under direct sun light using prepared ZnO/Clay composite
catalyst.

. Photo degradation of 2-Chlorophenol contaminant was successfully
studied under direct sun light using anthocyanin sensitization
ZnO/Clay composite catalyst.

. Anthocyanin sensitized ZnO/Clay catalyst showed higher photo-
degradation activity of 2-Chlorophenol contaminant than that of non-
sensitized ZnO/Clay composite catalyst.

. Adsorption and photo-degradation process of 2-Chlorophenol with both
catalyst systems was affected by the pH.

. Anthocyanin-sensitized composite catalyst functioned efficiently in
presence and absence of UV light under sun light, this due to
sensitizing effect of the anthocyanin dye.

. XRD-characterization results of prepared ZnO/Clay catalyst showed
no intercalation of ZnO nano-particles, only present onto the surface of
clay molecules.

. The catalysts (ZnO/Clay, and Anthocyanin/ZnO/Clay) were

recovered and reused without losing their efficiency.
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8. The results confirm the future value of using clay supported ZnO photo

catalysts (with and without anthocyanin) in water purification process.

4.2 Recommendations for future work

1. Study the effect of ZnO/Clay composite catalyst in there sensitized and
non-sensitized form on other contaminants.

2. Do more mechanistic study on photo degradation of 2CP by ZnO/Clay
systems (trapping intermediates for example)

3. Using anthocyanin dye from sources other than Karkade with different
colors, as sensitizers for ZnO/Clay catalyst.

4. Study the effect of changing temperature on photo-degradation of 2CP
contaminant.

5. Determine the occurrence levels of 2-Chlorophenol pollution in

Palestine waste and drinking water.
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