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Abstract

ZnO nanoparticles have been widely used as semiconductors for
treating water from organic pollutants. This work used commercial ZnO
and supported nanoparticles for the uptake and photolysis of aqueous
organic pollutants. Methylene blue MB (dye) and imidacloprid (an
insecticide), which are widely used in the agricultural sector in Palestine,
have been studied as organic water pollutants. Na-Alginate was converted
to the insoluble Ca-Alginate form and used as a substrate to support ZnO
nanoparticles. The resulting ZnO @ Ca-Alginate system characterized in
several ways, such as FT-IR, UV-Visible, TGA, SEM, EDX, and XRD. All
characterization results confirmed the formation of ZnO in the combined
catalyst system, which was used in the study of the photolysis of pollutants
under simulated solar light irradiation. High performance HPLC liquid
chromatography and UV-vis spectrophotometer were used to identify the
remaining contaminants. The results showed that the photolysis of MB (40
ppm) by ZnO @ Ca-Alginate reached 100% loss, while imidacloprid (20
ppm) reached 56% loss during 120 minutes. The pH values and the zero
charge point (Pzc) play a major role in the photolysis process. It was also
possible to recover and reuse the combined catalyst in novel methyl-protein

photocatalysis reactions, and the recovered catalyst retained its efficacy,
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with about 98% photolysis of MB. Factors affecting the decomposition
process were also studied, such as pollutant concentration, catalyst loading,

irradiation time, pH, and radiation density.
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Chapter one
Introduction

1.1 Overview

Water pollution is one of the most important challenges being
studied recently. it has a direct link to human health. Polluted water usually
contains heavy metals and industrial organic contaminants. Different
methods and strategies, such as sedimentation, absorption and reverse
osmosis were applied to treat the polluted water [1]. Unfortunately, these
methods have shortcomings. For example, in adsorption study the
contaminant may return to the environment if not treated properly [2].
Drinking water contamination is a serious challenge, as the World Health
Organization WHO showed that more than a million people die annually in
developing countries due to the lack of clean drinking water [3].
Chlorination is another strategy commonly used for water purification and
disinfection. Unfortunately, the chlorine produces carcinogenic compounds
such as tri-halo methane [4]. Therefore it is necessary to find new methods
for water purification or developing previously known methods to provide
clean, safe, low cost, reliable, environmentally-friendly and by-product free

water[5-8]

Advanced oxidation methods, that are based on semiconductors
nanoparticles, are classified among the best options for water treatment.

Composite systems, of semiconductor supported on insoluble substrate
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materials with higher adsorption efficiency, can be useful systems to break

down pollutants and increase the photo catalyst efficiency [9-13].
1.2 Advanced oxidation processes (AOPS)

Advanced oxidation processes (AOPs) involve chemical reactions
which degrade organic contaminant materials by the resulting hydroxyl
radical (OH") [14]. Semiconductor metal oxides are commonly used as
photocatalysts in these reactions [15]. These processes may work for both
industrial organic contaminants (such as Methyle blue) and agricultural

pesticides, especially those which do not photodegrade naturally.
1.3. Semiconductor

Semiconductors are materials having conductivity between
conductors (usually metals) and insulators [16]. Doping enhances
semiconductor conductivity, by introducing impurities into the crystal
structure[17] [18]. Two types of doping are known, the n-type and the p-
type. The n-type (Negative) doping occurs when a small number of
electron-donating atoms (such as phosphorous) are added to a
semiconductor (such as silicon). The p-type (Positive) doping occurs if
electron acceptor atoms (boron) are added to the semiconductor (silicon),

Figure (1) [19].
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Figure 1: Mechanisms of charged carrier generation in a semiconductor.

In an n-type semiconductor, the Fermi level is closer to the
conduction band, while in p-type semiconductors it is closer to the valence
band [20]. ZnO is an n-type due to loss of oxygen atoms from the crystal.
When oxide ions escape from the crystal as oxygen molecules, they leave
their electrons in the crystal behind. ZnO is also a wide bandgap (~3.2 eV)

semiconductor [21].

Photodegradation process in water begins when an electron in a
semiconductor particle is irradiated by a photon having a suitable energy.
The electron (e-) will be excited from the semiconductor valence band
(HOMO) to the conduction band (LUMO) leaving a positive hole (h+)
behind it [22]. The electric field then separates the electrons and holes in a
process called generation process. If electron returns back to the valence
band, recombination process occurs [23]. The positive holes at the surface

can oxidize nearby molecules (like water and oxygen) [24] to yield a very



4
reactive hydroxyl radical (OH) that degrades the organic pollutants in

water, Figure (2).

O & .. Valence Band

hv

Excitation
Recombination

. +
OH,R

............ ) Conduction Band

OH

Figure 2: Semiconductor photocatalyst in photodegradation reactions [18].

1.4. Zinc Oxide

Zinc oxide (ZnO) a non-toxic n-type semiconductor with large
binding energy (60 MeV), with a wide band gap (~3,2 eV). Both ZnO and
TiO, are effective photocatalysts [1] but ZnO can absorb UV fraction more
than TiO, does [25-28]. Therefore, ZnO is advantageous since only about

4% of the solar spectrum falls as UV spectrum [29].

ZnO nanoparticles (ZnO-NPs) have greater efficiency, than larger
particles, due to their high relative surface area and their powerful activity
against contaminants. Other properties for (ZnO-NPs) are chemical
stability, low cost and easy preparations. Therefore, ZnO—NPs are widely

studied in water treatment.
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Despite the ZnO-NPs advantages, they have drawbacks. The
nanoparticles are difficult to separate from the solution. The nanoparticles
are also difficult to use in continuous flow reaction systems. ZnO-NPs can
also form agglomerate at high loading also [30] which adds to their
difficulties. Therefore, it is necessary to support the ZnO-NPs onto
insoluble surfaces to make their recovery and re-use easier. Chitosan,
cellulose, starch and Alginate have been studied as supporting materials for

the ZnO-NPs [31].

1.5. Alginate

"Alginate" is usually the salt of alginic acid. It is natural, non-toxic
and abundant at under wide temperature and pH ranges. Adding CaCl, to
the sodium alginate makes it cross-linked and insoluble. The gelatin beads
are called calcium alginate [32]. Calcium alginate was chosen in this study
to encapsulate ZnO and make a composite with it. The crosslinking
properties of calcium cations make it an excellent carrier for many drugs
[33]. Calcium alginate nanoparticles were recently synthesized and argued
as the novel encapsulation agents for drugs. It has a mean particle size of

400-500 nm [34].
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Figure 3: The repeating units structure of sodium alginate and the formation of the “egg-box”

model by Ca®" cation.[35]
As shown in Figure (3), Alginate polymers have three types of blocks:
e M-blocks: make an equatorial linkage with mannuronic acid.

e G-blocks: make diaxially-linked with guluronic acid residues leading to

more rigidity for the G-blocks.

e MG-blocks: axial-equatorial and equatorial-axial glycosidic bonds

connecting the residues [35].

Calcium ions act as a cross linker by forming a hydrogen bond
between the functional groups of alginate. It binds to the neighboring G-
blocks, causing the "egg-box™ model to create ionic inter-chain bridges

[36].



1.6 Methylene blue

Methylene blue was firstly prepared in 1876, by Heinrich Caro [37].
It belongs to the thiazine dye group [38]. It has harmful side effects as
allergic reactions, headache, vomiting, confusion, shortness of breath and
high blood pressure. Pregnant women can also be affected [39] [40]. It also
affects the aquatic life by causing a reduction in the dissolved oxygen

needed [41].

MB has a green color in its powder, while it's converted to blue in its
solution with a pH of 6.5 at 25 °C as shown in Table (1). It has a maximum
absorption of light near 670 nm. Methylene blue structural formulas are

shown in Figure (4) [42].

N\ N
(H3C)2N S~ N(CH3)2 (H3C),N S NH(CHj3),

Cl Ci

Figure 4: Resonance structural formulas for Methylen Blue.

MB absorption and degradation are affected by various factors such

as pH and type of solid surface. MB may also dimerize or aggregate [43].

Table 1: physical characteristics and molecular structure of MB.[34]

Dye name Methylene Blue
Abbreviation MB
Class Thiazine
Max wavelength 663 nm
Colour Blue
Molecular weight 319.9 g/mol
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The degradation route of methylene blue is described in Figure (5).
The chloride ions separate as the dye is dissolved. When the hydroxyl
radical, coming from semiconductor excitation, attacks the cationic dye, the
N-CH; bond is broken. The methyl group is oxidized to HCHO or
HCOOH. The intermediates are oxidized to single-ring structures, and

finally to CO, and H,0 [44].

& NH, HO NH,
30/\ )CH3 @ Ij ¥ HCHO
H,N HO

N SO

MB OH OH

N
\ + RCHO
@Q ] W

S0, 24N0;" 4 COp+ H0<—— RCOO

Figure 5: Photocatalytic degradation pathway of MB.

The conversion of organic dyes into minerals as nitrate, ammonium,
CO, and sulfate ions is important in the photodegradation. The general
photocatalysis degradation of the organic pollutant is initiated by the

following [45]:



1.ZnO+hy ——» e_CB + h+VB

2. Oxygen ion sorption

(02)ads T €8 ——» O,

3. neutralization of OH groups by holes to produce OH radicals:
(H,0 ===H+OH )4+ hyg —» H+OH’

4. neutralization of O, by protons
O, + H — » HO.Z

5. Hydrogen peroxide formation:
2HO, ——» H,0,+ 0,

6. Decomposition of H,0, :
H,0,+e — 5 OH+OH

7. Oxidation of organic contaminant by OH :
RH+ OH ———> R +H,0

8. Direct oxidation by holes :
R + ﬁVB — » R — > Degradation product

1.7 Imidacloprid

Imidacloprid (IM) is an insecticide that was widely used until 1999
[46]. It belongs to a class of chemicals called neonicotinoids. It acts on the
central nervous system of insects by blocking the nervous pathway of
nicotine which leads to the insect death. This pesticide is considered more

toxic to insects than to mammals [47].
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Pesticides that contaminate water typically have some characteristics

like, high water solubility value (> 30 mg / L), octanol-water coefficient
(Kow) < 1, coefficient of organic carbon to water separation (K,.) > 300, the
half-life of hydrolysis > 48 days and the half-life of photolysis > 7 days. In
addition, at moderate pH values, these pesticides are typically negatively or

partially charged.[48]

IM is highly soluble in water (514 ppm) with high potential for
leaching into groundwater. IM has a coefficient of organic carbon to water
separation (K,.) = (156 — 960). Its capacity for bioaccumulation is low due
to its moderate K, ~ (0.57). IM has a half-life in water more than 31 days
which suggest that this insecticide is extremely degradation-resistant [49].

IM has some major photolysis process in water as shown in Figure (6).

IM hydrolysis half-life varies from 33 to 44 days at pH 7 and 25 °C
[50]. It is stable in acidic and neutral water, but decomposes readily in

basic media [51].

2N
H

ImedaCIOprld \
o i

X
| _ - N/\NH
cI” >N (S

6-chloronicotinic acid Imedacloprld urea

Figure 6: IM major photolysis processes in water [52].
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1.8 Objectives
The objectives of this study are to:

1. Prepare calcium Alginate immobilized ZnO beads (ZnO@Ca-alginate
beads).

2. Characterize the prepared ZnO@Ca-alginate beads using suitable tests.

3. Determine the photo-catalytic removal efficiency of MB and IM from

water using the prepared ZnO@Ca-alginate beads.
1.9 Novelty of this work

Naked Alginate and Alginate supported ZnO and TiO, was used in
water contaminant removals by adsorption, where this material showed
superiority over other materials used in this application [53]. To the best of
our knowledge, using ZnO@Ca-alginate composite material in
photodegradation process has not been used before. In this work we will
prepare ZnO nanoparticles and then we will support the ZnO particles on
alginate. The prepared composite materials will then be characterized and

used in adsorption and in photodegradation of water organic contaminants.
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Chapter Two
Methods and Materials

2.1 Chemicals

Calcium chloride, sodium alginate, Methylene blue MB, and Zinc

oxide (ZnO) were purchased from Sigma Aldrich.

Acetic acid, methanol, and acetonitrile solvents for HPLC analysis

were purchased from Sigma Aldrich.

Imidacloprid (insecticide solution) was obtained from local markets
as a commercial product named Confidor. The Confidor bottle contains 350
g L' IM as an active ingredient, in addition to some solvents and
preservatives, such as 1-methyl-2-pyrrolidone (38%), Dimethyl sulfoxide

(39%).
2.2. Equipment
2.2.1 UV-Visible spectrophotometer

A spectrophotometer (Shimadzu UV-1601) was used for Methylene
blue (MB) analysis at Agz nm. A calibration curve with different

concentrations (10, 20, 30 and 40 ppm) was built up for analysis.
2.2.2 Lux metre

A light intensity meter (Lx-102) was used for the light intensity

determination.
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2.2.3 Centrifuge

Scientific Ltd model 1020 D.E. centrifuge was used for separation

the solid materials from solution.
2.2.4 pH meter

A jenway 3510 pH meter was used for adjusting the solution's pH

values.
2.3 Solutions preparation:

0.10 g of MB was dissolved in 100 mL water to prepare a stock
solution of 1000 ppm. A different MB concentration solutions were

prepared as required.

The stock solution of IM (1000 ppm) was prepared by dissolving
0.286 mL (0.350 g) of IM bottle in 100 mL of distilled water. The stock

solution was used to prepare the required concentrations of IM.

Diluted HCI and NaOH solutions were prepared and used for the

solutions pH value adjustment.

A Nessler reagent was used for NH," ion detection after the

photodegradation experiments [54].

Cadmium reagent was used for detection of the NO;™ ions produced

by photodegradation experiments [55].
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Barium chloride solution was used for detection of the SO4'2 ions

produced by the photodegradation experiments [56].
2.4 Catalysts preparation

20 g of zinc oxide were suspended in 200 mL of distilled water to
obtain a solution (9.1% w/w). Sodium alginate (2% w/w) was prepared by
dissolving 2.0 g in distilled water up to 100 mL solution. The solution was
stirred for an hour until the solid was dissolved and give a homogeneous
solution. CaCl, solution (2% w/w) was prepared by dissolving 2.0 g of
CaCl, in distilled water up to 100 mL solution. ZnO suspension was added
to the CaCl, solution with vigorous stirring. Sodium Alginate was added
drop-wise to the mixture while stirring. A composite system of ZnO with
insoluble Ca-alginate was produced. The produced composite ZnO@Ca-
alginate was separated by section filtration. The powder was oven dried at

100 °C for an hour.

To prepare Ca-Alginate, a 100 mL of CaCl, (2% w/w) solution was
drop wised added to a 100 mL of Na-alginate (2% w/w) vigorously stirred
solution [57]. The produced beads of insoluble Ca-alginate were filtered,
washed with distilled water to eliminate the excess of soluble calcium and
chloride ions. The produced solid was then dried at 100°C in the oven for 2

hours.
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2.5 Catalyst characterization
2.5.1 XRD

A Philips XRD XPERT PRO diffract meter was used to measure X-
ray diffraction patterns. The analysis was performed at UAE University, Al
Ain, UAE. XRD patterns were used in determining the size of the particles
in the catalyst composite. XRD was also used to confirm the formation of

the ZnO@Ca-Alginate nanoparticles.
2.5.2 SEM

A Joel (JSM-6700F) was used to determinate the morphology of the
catalyst. The analysis was conducted at UAE University, Al Ain, UAE.

2.5.3 FT-IR spectrum characterization

ZnO@Ca-alginate catalyst was FT-IR analyzed by using Nicolet iS5
Fourier-Transform Infrared Spectroscopy, the FT-IR analyser is connected

with Thermo Scientific (iD3 ATR).
2.5.4 Catalyst composition determination

To verify the complex composition and to know the constituent
elements and their ratio, energy dispersive (EDX) X-ray spectroscopy was
used. The analysis was carried out at the United Arab Emirates University,

Al Ain.
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2.5.5 Thermogravimetric analysis (TGA)

Deltachem, TGA-1000 was used to understand the structural
transformation of ZnO@Ca-Alginate and its stability. The analysis was
done under O, and N, atmosphere respectively with a heating rate of 10
°C/min. A sample of weight = 36 mg was analyzed from room temperature

to 1000 °C.
2.6 Point of zero charge (Pzc)

Pzc was calculated using the pH drift method [58]. A 0.01 M NacCl
solution had been prepared and boiled to remove CO,. A diluted NaOH/
HCI solutions were used to adjust the initial pH of the NaCl solution
between the range (2-12). 50 mL of the NaCl solution was put in capped
glass vial under N, gas. The catalyst (0.10 g) was added to each sample and
shaken for 8 hours to balance. The final pH of the equilibrated solution was
measured. The value of ApH (pHf — pH;) was plotted against pH; and the

Pzc value for each catalyst were represented by the x- intercept.
2.7 Calibration curve for MB

The MB concentration was determined by using UV-visible
spectrophotometry at maximum absorption wavelength of 663 nm. A
calibration curve of different MB concentrations (10, 20, 30 and 40 ppm)
was built up. The concentration of MB in the analyzed sample was

determined based on the calibration curve of MB, Figure (7).
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Figure 7: Calibration curve for MB.
2.8 Adsorption study

Batch experiments were performed to study the contaminants
adsorption onto the surfaces of Ca-Alginate and ZnO@Ca-Alginate. A 0.10
g of the adsorbent was mixed with a contaminant's solution at appropriate
concentrations in each experiment. It was stirring in the dark at 30°C +5.
Aliquots were taken from the solution during specific time periods. The
syringed aliquots were centrifuged at 6000 r/min for 6 minutes. The
contaminant concentration was analyzed by UV-vis spectrophotometer for

MB and by using HPLC for IM.

The following equation was used to determine the amount of

adsorption (q;) by the catalyst at time t:



18
And the adsorption efficiency (% adsorption) was estimated from the

following equation:

% Adsorption = (CO - Ct)

Where ¢ is the amount of contaminant per gram of catalyst at any
timet (mg/g), Co is the adsorbate initial concentration (ppm), C; is the
adsorbate concentration at time t, V is the volume of solution (liters), and m

Is the mass of catalyst in grams [59].

Different parameters such as effect of contact time, effect of pH, and

effect of adsorbate concentrations were studied.
2.8.1 Effect of contact time on adsorption.

The effect of contact time on adsorption process was studied.
Appropriate concentrations of the contaminant's solution (40 ml, 40 ppm
for MB and 50 ml, 20 ppm for IM) were mixed with 0.10 g catalyst each
time. The solution then was stirred in the dark at pH ~ (7.7, 9) for MB and
IM respectively. liquors were syringed at different time periods (0, 10, 15,
30, 60, 120 and 300 minutes), centrifuged and analyzed as described

previously.



19

2.8.2 Effect of pH on adsorption.

Appropriate concentrations of the contaminant's solution (40 ml, 40
ppm for MB and 50 ml, 20 ppm for IM) were mixed with 0.10 g catalyst
each time. Different pH values were adjusted as desired by addition of
diluted NaOH/HCI solutions. The solution was stirring in dark for 60

minutes at 30 °C+ 5.
2.8.3 Effect of contaminants solution concentration on adsorption.

An initial MB concentration of 20 and 40 ppm was mixed with 0.10
g catalyst. The solution was then stirred at temperature (30 °Cx 5) until
reaching equilibrium (60 minutes). liquors were syringed, centrifuged and
analyzed as described previously. The amount of adsorption at equilibrium,

ge (Mg/g), was estimated using equation (2.1).
2.9 Photocatalytic experiments

A 400 mL beaker containing a mixture of the catalyst and
contaminants solution at appropriate concentrations were used in each
experiment. The reaction beaker was thermostated at about 30 °C to keep

the reaction temperature stable during the photodegradation experiments.

A simulated solar light lamb (0.0146 w/cm? intensity at the reaction
surface) was fixed above the beaker of the reaction. Aliquots were taken
from the solution during specific time periods. The syringed aliquots were
centrifuged at 6000 r/min for 6 minutes. The concentration of contaminants

was analyzed by UV-vis spectrophotometer for MB and by HPLC for IM.
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The percentage of photodegradation, values of overall rate, turnover
number (T.N) and turnover frequency (T.F) were all measured for needed

experiment using the following equations: [60]

The turn over number (T.N) = Moles of MB (contaminant) reacted

Moles of catalyst

The turn over frequency (T.F) = Turn over number

Time (min.)

The photodegradation experiments of MB contaminants were
conducted at different parameters like different catalyst amounts, different
contaminate concentrations, and different pH values (2-12 pH values) to

reach the optimum photodergadation conditions.
2.9.1 Effect of MB concentration

Different MB solutions with different concentrations (10, 20, 30 and
40 ppm) were stirred with 0.10 g of the catalyst in the dark for 30 minutes.
After that, the mixture was exposed to the simulated solar light for 1 hour.

The MB concentrations were examined at different time periods.
2.9.2. Effect of catalyst amount on MB degradation

A 40 mL of 40 ppm of MB solutions were mixed with different
catalyst amounts (0.05, 0.1, 0.2, 0.28 and 0.35 g) and stirred in dark for 30
minutes. The mixture was then exposed to simulated solar light irradiation
for 60 minutes. The concentrations of MB were analyzed at different time

periods.
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2.9.3. Effect of the irradiation time on MB degradation.

A 40 mL of 40 ppm of MB solutions was mixed with 0.10 g of the
catalyst. The mixture was exposed to simulated solar light irradiation, after
stirring them in dark for 30 minutes, at different time periods (30, 60, 120,
180, 240 and 300 minutes). The concentration of MB was analyzed at each

time periods.
2.9.4. Effect of pH on MB degradation.

A solution of MB (40 mL, 40 ppm) was mixed with 0.10 ¢
ZnO@Ca-Alginate. The mixtures were exposed to simulated solar light
irradiation at different pH values ranged (2-12) for one hour. The pH values

were adjusted by adding drops of either diluted HCL/ NaOH solution.

In case of IM degradation, some parameters as the effect of pH and
time of irradiation were selected to study their effect on the catalyst

efficiency.
2.9.5 Effect of pH on IM degradation.

Photoegradation tests were carried out under simulated solar light
irradiation for 2 hour using IM (50 mL, 20 ppm) solution mixed with 0.10
g of catalyst. The initial pH of the solution was modified to various 4-12
values using diluted NaOH solution. Aliquots were centrifuged and

analyzed by HPLC.
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2.9.6 Effect of time of irradiation on IM photodegradation.

photodegradation experiments were performed using a solution of
IM (50 mL, 20 ppm) mixed with 0.10 g of catalyst for various periods of
time (30, 60, 120, 180, 240 and 420 minutes) under simulated solar light.

Aliguots were taken as explained previously and analyzed by HPLC.
2.10 HPLC analysis

The complete degradation and mineralization and the presence of
intermediates in photodegradation of MB and IM were confirmed by using
HPLC-DAD Water1525. The separation was achieved by C18 column (5
um, 4.6x250 mm cartridge). The samples of liquors where syringed at

different irradiations periods. It then analyzed by using HPLC.

In case of IM mineralization, the mobile phase involved acetic acid
(0.1%) and acetonitrile in a ratio (1:1) with a flow rate of 1.6 ml/min, the

detection wave length was at 270 nm. The injection volume was 20.

For MB mineralization, the mobile phase involved 0.01% phosphoric
acid and acetonitrile in a ratio (2:1) in isocratic elution. The flow rate was 1
mL/min. The detection wave length was at 663 nm. The injection volume

was 5 pl.
2.11 Catalyst recovery and reuse

The efficiency of the catalyst under reuse was studied in the case of
methylene blue. After the photodegradation process is finished, the catalyst

was filtered, washed with distilled water and then dried for reuse.



23

Chapter Three
Results and Discussion

3.1 Catalyst Characterization
3.1.1 XRD Characterization
3.1.1.1 XRD pattern for ZnO

XRD pattern of ZnO in Figure (8) shows peaks with reflections at 26
(31.87°, 34.52°, 36.35°, 47.52°, 56.57°, 62.93°, 66.44°, 68.03° and 77.04°).
This peaks were corresponded respectively, with reflections of (100),
(002), (101), (102), (110), (103), (200), (112), (201) and (202) according to
Bragg's planes [61]. XRD pattern reflections of the prepared ZnO are
consistence with literatures [10, 11, 61], which confirms ZnO identity.
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Figure 8: XRD diffraction pattern for commercial ZnO NPs.

ZnO particle size was calculated using Scherrer equation [62]:

K2
" BcosH
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Where:

e d is the particle diameter (nm),

e K is the shape factor (~ 0.9),

e A is XRD wavenumber ~ (0.154 nm) and

e [ (FWHM): full width at half maximum of the reflection at 20 (in

radian).

Sharp signals for ZnO particles indicate crystallinity structure. The
average size of ZnO particles (hnm) was estimated using the most intense
peaks appeared in the XRD pattern: 31.87°, 34.52° and 36.35°. Closer
values were achieved (53.3, 53.9 and 56.81 nm), with an average size value

~54.79 nm.

3.1.1.2 XRD pattern for Ca-Alginate.
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Figure 9: XRD pattern for Ca-Alginate nanoparticles.
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As shown in Figure (9), The broadening band which ranged from
(10° to 20°) indicates that a smaller particle size was formed. The intense
reflections of the Ca-Alginate XRD appeared at 20 (13.04°, 14.15° and
15.63°). These reflections were used to calculate the size of crystalline by
Scherer equation. A very small particle (~ 2.62 nm) was appeared as it was

expected.

3.1.1.3 XRD pattern for ZnO@Ca-Alginate.
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Figure 10: XRD pattern for (a) ZnO@Ca-Alginate, (b) Ca-Alginate, ZnO@Ca-Alginate and

Zn0.

The basic diffraction peaks of ZnO (31.87°, 34.53° and 36.36°) and
for Ca-Alginate (13.47°and 47.7°) appeared with no shifting in the
spectrum as shown in Figure (10). This result confirms that ZnO was
supported at the surface of Ca-Alginate successfully. The peaks of
supported ZnO show lower intensity and some expansion than the peaks of
naked ZnO. It indicates that a decreasing in the particle size of ZnO in the
composite was happened. At the other hand, the peaks of the Ca-Alginate

particles in the composite appear sharper than the naked one, which
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indicates that an increasing in the particle size of Ca-Alginate in the

composite was happened as shown in Table (2).

Table 2: Particle sizes for ZnO, Ca-Alginate and ZnO@Ca-Alginate.

Catalyst ZnO particle size Ca-Alginate particle
size

Zn0O ~54.79 nm -

Ca-Alginate - ~2.62 nm

ZnO@Ca-Alginate 30.26 nm ~8.75nm

3.1.2 Scanning Electron Microscopy (SEM)

3.1.2.1 SEM result for ZnO
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Figure 11: Scanning electron micrograph for ZnO NPs.

Figure (11) shows that Commercial ZnO particles have a uniform
structure with some homogenous agglomerates distribution of ~1400 nm

diameter.
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3.1.2.2 SEM result for Ca-Alginate.

SEI 20kV WD10mm $S30 X30,000 0.5um
Sample 0

Figure 12: Scanning electron micrograph for Ca-Alginate.

Ca-Alginate morphology can be seen by SEM in Figure (12). It has a
rough surface structure with a big grooves and plates. The diameter for Ca-
Alginate plates is ~15.2 um, which make it a good supporting surface. The
porous and holes in the Ca-Alginate structure increase its adsorption

efficiency.

3.1.2.3 SEM result for ZnO@Ca-Alginate.
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Figure 13: Scanning electron micrograph for ZnO@Ca-Alginate.
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Figure (13) shows that the ZnO particles were supported to the

alginate surface, which gives a proof about the success of composite

formation.

ZnO in the composit

Figure 14: Scanning electron micrograph for :(A) commercial ZnO, (B) ZnO nanoparticles in

the composite.

Figure (14 B) shows the presence of agglomerated ZnO NPs on the
Ca-Alginate plates. The Ca-alginate plates sizes ranged from 4 to 7 pm.
According to XRD particles size calculations, supported ZnO have smaller

particles (~30 nm) comparing with naked one (~55 nm).

3.1.3 Energy Dispersive X-ray (EDX) Spectroscopy.
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Figure 15: SEM and EDX spectra showing various elements in ZnO@Ca-Alginate.
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EDX analysis was performed to indicate the incorporation of Ca-
Alginate into composite, in addition to determine the elements identity and
the percentage of each element in the composites. The presence of calcium,
carbon, zinc, and oxygen elements that are constituents of the composite
was confirmed by the spectrum as shown in Figure (15). The EDX analysis
shows that the percentage of Zinc and oxygen are higher than carbon and
calcium. This result is consistent with the ratio of the starting reactants
concentrations in the reaction of composite preparation, in which it was in

the ratio of (1:4) for Ca-Alginate and ZnO respectively.

Table (3) shows the EDX analysis results of the three analyzed spots
in the composite sample. The quantity of C, O, Ca and Zn were shown.
Details of the three EDX spectra of the catalyst values measured in atomic

% was listed. The analysis results are approximately close together

Table 3: EDX weight of ZnO@Ca-Alginate nano composite using

three spectrums focused three distinct areas.

ZnO/Ca-Alginate | Atomic %C Atomic %0 Atomic %Ca | Atomic %Zn

Site 1 33.14 44.89 0.15 21.81
Site 2 30.27 43.56 0.39 25.78
Site 3 28.59 48.87 0.17 22.37

Average 30.6 45.7 0.24 23.3
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3.14 Fourier-transform infrared spectroscopy (FT-IR)

characterization
3.1.41 FT-IR for ZnO

The absorption band with a wavenumber ~480 cm' in spectrum
belongs to the Zn-0O vibration mode [63]. Other insignificant bands at 1160
cm* and 1300 cm™* were likely related to CO, absorbed from the air

atmosphere and can therefore be neglected, see Figure (16)

3250 2900 2550 2200 1850 1500 1150 800 450 100

Figure 16: FT-IR spectrum for ZnO.
3.1.4.2 FT-IR spectrum for Ca-Alginate

Alginic acid is a copolymer derived from 1,4-linked-b-D-
mannuronic acid (M) and a-L-guluronic acid (G) [64] with two main bands

of absorption associated with each polymer , as shown in Figure (17).

COOH o 0. COOH
b-D-mannuronic acid 0. OH a-L-guluronic acid oy O

OH O OH
750 cm™ - 850cm™  oH 960 cm™" - 1030cm™” OH

(A) (B)

Figure 17: Alginic acid constituentations, where (A) is b-D-mannuronic acid and (B) is a-L-

guluronic acid.
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The band at 810 cm™ in Figure (18 b) resulted from the vibration of
mannuronic acid. Although guluronic acid's C-O stretching vibration

resulted in a band absorbed at ~1030 cm™[49].

Ma-Alginate
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O
HO OH
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Figure 18 : FT-IR spectrum for (A) Sodium-Alginate, (B) Calcium-Alginate.

Compared with the infrared spectrum of the Na-Alg and Ca-Alg in
Figure (18), the Ca-Alg absorption band related to O-H vibration around
3300 cm™ appeared narrower than that of Na-Alg. The decreasing in
hydrogen bonding resulted from Ca®* crosslinking was responsible about
the broadening decreasing. Shifting in vibration wave number for bands
could be noticed since calcium ions form a chelating structure by
participating in carboxyl and hydroxyl groups of alginates. The

displacement occurs due to the substitution of Na* with Ca®*. Table (4)

Table 4: comparison between Ca-Alginate and Na-Alginate IR

spectrum bands.

-C-0 (uronic acid) 0-C-0 C=0 O-H
Ca-Alg | 1029 cm™ 1420 cm™ | 1606 cm™ 3392 cm™
Na-Alg | 1031 cm™ 1412 cm™ | 1604 cm™ 3333 cm™
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3.1.4.3 FT-IR spectrum for ZnO@Ca-Alginate

Zn0
Ca-Alginate
Compaosite
3700 3300 2900 2500 2100 1700 1300 900 500

Figure 19 :IR spectrum for: (A) ZnO, (B) Ca-Alginate, (C) ZnO@Ca- Alginate.

The absorption bands of the ZnO@Ca-Alginate nanocomposites
show the similarity of the absorption bands of Ca-alginate and nano ZnO
with shifting in peaks position due to the chemisorption of alginate onto

catalyst surface.

Vibrations at 1039, 1520 and 1650 cm™ are attributed to Ca-
Alginate. While the 520 cm™ wave number is attributed to Zn-O vibration
band. As shown in Figure (19). Nano Ca-alginate has been successfully

modified with nano ZnO.
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3.1.5 Thermal Studies.
3.1.5.1 TGA for ZnO
In Figure (20), The linearity of line expresses a high thermal stability.
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Figure 20: TGA plot for the thermal behavior of ZnO nanoparticles.

3.1.5.2 TGA for Ca-Alginate
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Figure 21: TGA/DTG plot for the thermal behavior of Ca-Alginate nanoparticles.

The loss of water molecules in alginate beads occurs in TGA studies
at a temperature ranged 40 - 160 °C [65], Figure (21). The principle weight
loss for Calcium alginate was in the temperature ranged 134 °C - 266 °C

with a maximum at 270 °C. The mass loss ~ (29.2%) is corresponding to
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the complete decomposition of the alginate backbone structure. The

remaining residue was ~ 23 %.

3.1.5.3 TGA of ZnO@Ca-Alginate
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Figure 22: TGA & DTG plots of ZnO@Ca-Alginate nanoparticles.

Figure (22) shows the ZnO@Ca-Alginate nanocomposite TGA and
DTG curves. The DTG curve showed three major thermal events. The first
decomposition was in the temperature ranged from 41°C to 74 °C, this
loses is attributed to the volatile components (like water molecules) and its
value was ~ 2%. The decomposition of volatiles continues until it reaches
up 97.5 °C with a mass loss of ~ 4.2% [66]. The second thermal event
occurred at 154 °C with a mass loss of ~10.55 %. The third thermal event
occurred at the temperature ranged 521- 635 °C with a mass loss ~ 4.6 %.

The remaining residue was 68.65 %. Table (5).
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Table 5: Thermal decomposition results of Ca-Alginate and the

composite.
First decomposition | Highest Residual left
temperature decomposition
temperature
Ca-Alginate 41°C 220 °C 23%
ZnO@Ca-Alginate | 53°C 233 °C 68.65%

The presence of ZnO in the alginate matrices raises the temperature
of decomposition of the polymer from 220 to (233 °C). Several reports
indicate that the presence of inorganic incorporation affects thermal
stability of the polymers [67].
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Figure 23: TGA plot for the thermal behavior of :ZnO, ZnO@Ca-Alginate and Ca-Alginate

nanoparticles.

Figure (23) shows a high thermal stability of the composite in the
presence of ZnO, and it’s attributed to the strong interaction of ZnO
particles in the alginate matrix which leads to improvement in the thermal
stability of the compound [68]. The presence of ZnO nanoparticles leading
to increasing the density of the surface that exposed to heat, and then
protecting the bulk of the sample, and as a result reduces the rate of mass

loss during the thermal decomposition of the composite.
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3.2. Point of zero charges (Pzc)

Pzc is defined as the pH at which the net surface charge of the particles

becomes zero [69].
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Figure 24: Plot of A(pH) vs. initial pH for: (a) Ca-Alginate, (b) ZnO and (c) ZnO@Ca-Alginate.

Intercept shows value of Pzc for the solids.

Figure (24) shows the Pzc values for Ca-Alginate, ZnO and
ZnO@Ca-Alginate. The Pzc values were ~ (6.5, 6.8 and 8.8) respectively.

Pzc for commercial ZnO matched with similar study [11].

At pH values lower than Pzc, the surface of solids were positively
charged. At pH values higher than Pzc, the surface of the solids was

negatively charged.

MB has a cationic dye configuration and a pKa ~3.8 [70]. The

surface charge of the catalyst and the equilibrium structure on the
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contaminant molecules plays a main role in adsorption process. So that It is

important to determine Pzc of the catalyst.

MB exists in cationic form (MB") in acidic medium and a neutral
methylene blue violate (MBV) species in highly basic medium. The
electrostatic repulsion will appear between the positive surface of the
catalyst and the cationic MB at pH < Pzc [71]. On the other hand, the
hydrogen bonding will be between the catalyst surface charge and the
MBV neutral species, especially in which the alginate skeletal is rich in
hydroxyl groups and the MB molecules contain nitrogen atom in the highly

basic medium at pH > 9.5 [64]

At pH ~ 7.7, the catalyst begins to has a negative surface charge
(based on Pzc). The surface charge density increases as the pH increases,
while the MB is present as cationic species until pH 10. So the electrostatic

attraction force is the main feature in the adsorption behavior.

MB in the more basic solution (High pH values > 10) produces a
relatively stable neutral derivative Methylene violet (MVB) [72, 73],
Figure (25 B). The H-bonding between the alginate hydroxyl groups and
the nitrogen and oxygen atoms of the MBV will be the main adsorption

mechanism, Figure (25) and (26).
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Figure 25: MB structure equilibrium (A) at low pH solution [69], (B) at high pH solution

(MBV) [67].
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IM has two pKa values. Its equilibrium structure is mostly positive
below pKa; and mostly negative above pKa,, while it is mostly neutral at
pKa; < pH < pKa,. At the range of pH in which the catalyst surface charge
is similar of opposite with the IM molecules charge, the electrostatic force
will play the main feature in IM adsorption and then photodegradation. On
the other hand, the H-bond will play the main feature of adsorption in the

case of neutral equilibrium structure of IM, Figure (27).
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Figure 27: Comparison between the catalyst surface charge and IM surface charge.
3.3 Adsorption study

The chemical structure of Ca-Alginate and its functional groups are
important for the adsorption process, in addition to its porosity and specific

surface area.
3.3.1 MB adsorption onto Ca-Alginate.

Adsorption of MB (40 mL, 40 ppm) onto 0.10 g of Ca-Alginate was
studied at different pH values ~ (3, 7.7, 10, 11, 12 and 13); the temperature
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was thermostated at 30°C + 5°C during the adsorption and photodrgadation

process. The solution was stirred for 60 minutes in dark.
3.3.1.1 Effect of pH on MB adsorption onto Ca-Alginate.

One of the most important variables for dye adsorption was stated to

be the solution pH.

Table 6: % Adsorption and amount of adsorbed of MB (40 mL, 40
ppm) on 0.10 g Ca-Alginate after 60 minutes at 30 °Cx 5°C, at

different pH values.

After 60 minutes
% Ads Q. (mglg)
pH~3 20% 3.20
pH~7.7 60% 9.60
pH~10 67% 10.80
pH~11 52% 8.32
pH~12 45% 7.28
pH~13 15% 2.40

From Table (6), the adsorption efficiency increases as pH increases
until it reaches pH 10, where it reaches its highest levels of efficiency.
Above pH 10 that, the efficiency adsorption of the catalyst begins to

decrease.

At pH ~3 the Ca-alginate is positively charged and the MB is present
as cationic form, therefore the similarity of Ca-Alginate surface charge and

the cationic form of MB will lower the amount of adsorbed MB.

At pH ~7.7 the Ca-alginate surface charge is negative, while the MB

IS mostly present in its cationic form. This difference in charges between
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the MB and Ca-alginate surface will increase the amount of adsorbed MB

molecules.

At pH~10 the catalyst has a high density of negative charge while
the MB still has its cationic configuration, so an electrostatic attraction is
expected to occur. At pH ~11, the electrostatic attraction force, in addition
to H-bonding, participates in molecules adsorption. MB is present (mostly)
in its produced neutral derivative MBV (at high pH values) besides the
cationic configuration, so the H-bonding will play the main feature in the
adsorption mechanism. The cationic form (MB™) is present in small
quantities and the Ca-alginate surface is highly-negatively charged at these
pH, so that a stronger electrostatic attraction will interact with the cationic

MB.

As pH increases > 11, the neutral MBV increases in concentration so
the H-bonding will be the predominant mechanism. The H-bonding is
weaker than the electrostatic attraction so the adsorption efficiency will
decrease. The alginate is rich with hydroxyl groups and the MBV contains
nitrogen atoms in addition to oxygen in which enables them to form H-

bonding.
3.3.2 MB adsorption onto ZnO@Ca-Alginate (the composite).

A solution of MB (40 mL, 40 ppm) was stirred in the dark for 60
minutes with 0.10 g catalyst. Different parameters such as effect of contact

time, effect of pH, and effect of MB concentrations were studied.
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3.3.2.1 Effect of contact time on MB adsorption by ZnO@Ca-Alginate.

The effect of contact time of MB solution and the ZnO@CA-alginate
mixture was studied. 0.10 g catalyst was stirred with MB (40 mL, 40 ppm)
at pH ~7.7, and the temperature was thermostated at ~30°C +£5°C at time

periods (0, 10, 15, 30, 60, 120 and 300 minutes).
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Figure 28: Effect of contact time on MB (40 mL, 40 ppm) adsorption by 0.10 g ZnO@Ca-

Alginate; at 30°C £ 5°Cand pH=7.7.

Figure (28) shows the amount of adsorbed MB at different contact
time periods. Initially the adsorption of MB was rapid, and this is attributed
to the electrostatic attraction between the opposite charges of the catalyst

surface and MB at pH ~7.7.

Later on we used 60 minutes as an adsorption equilibrium time in all

of our adsorption experiments.
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3.3.2.2 Effect of pH on MB adsorption by ZnO@Ca-Alginate.

Different pH values (~4, ~7.7,~10, ~11, ~12, and ~13) were adjusted
for the solution to study the effect of pH on adsorption process after 60

minutes of stirring.

Table 7: Values of % Adsorption and amount of adsorbed MB.
Measurements were made using MB (40 mL, 40 ppm), 0.10 ¢
ZnO@Ca-Alginate after 60 minutes at 30°C = 5°C with different pH

values.
After 60 minutes
% Ads gt (mg/qg)
pH~4 13% 2.08
pH~7.7 50% 8.00
pH~10 57% 8.80
pH~11 42% 6.80
pH~12 37% 6.00
pH~13 10% 1.60

As discussed above, at pH ~4 the composite catalyst surface is
positively charged, and the MB is also presented in its cationic form, this

similarity in charge will leading to electrostatic repulsion between the MB

and the composite catalyst surface.

At pH ~7.7 the catalyst surface is negatively charged and the MB is
presented as a cationic form MB®, this will produce an electrostatic
attraction force, and this will increase the amount of adsorbed MB on the

composite surface.
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At pH ~ 10 the catalyst surface will be charged with a highly-density
of negative charge. This will increase the electrostatic attraction with the

cationic form of MB™.

At pH >11 the formation of neutral derivative of MBV can also
lower adsorption efficiency, and leads to the weaker H-bonding than

electrostatic attraction Figure (29).

GHs

Figure 29: Possible MB hydrogen interaction with Ca-Alginate at high pH values.

In acidic medium the adsorption efficiency decreased dramatically.
This is due to the electrostatic repulsion between the saturated positive

charge of the catalyst surface and the cationic MB.
3.3.2.3 Effect of MB concentration on ZnO@Ca-Alginate adsorption.

An initial MB concentration of 20 and 40 ppm was investigated to
study their effect on adsorption process after 60 minutes of stirring. The
initial MB concentration is an essential factor because in the adsorption
process, the solution concentration gives essential driving force needed for
molecules to transfer between aqueous/solid phases [74]. A lowering in

adsorption efficiency from 72% to 50% was observed when the



45
concentration of MB was increased from 20 to 40 ppm, Table (8). On the
other hand, the amount of adsorbed MB (q;) is approximately constant at
different MB concentrations. This means that the adsorption capacity does
not depend on the initial concentration but rather on the adsorption sites on

the alginate surface.

Table 8: Effect of MB concentration on % Adsorption and the quantity
of removal (gt). Measurements were made using MB (40 mL of 20 and

40 ppm), 0.10 g ZnO@Ca-Alginate after 60 minutes, at 30°C = 5°C,

pH ~7.7.
Time (min) 60 min.
%Ads qi(mg/g)
20 ppm 72% 0.576
40 ppm 50% 0.576

3.4 Photodegradation of MB:

A solution of MB (40 mL, 40 ppm) was mixed with 0.10 g catalyst at
different pH and stirred in the dark for 30 minutes. Then the solution was
exposed to solar simulated light lamp for 60 minutes at the default pH and
temperature was thermostated to 30 °C £ 5 °C. A small amount of a liquate
was taken every 15 minutes, centrifuged and then analyzed by UV-vis
spectrophotometer. Different parameters as effect of pH, concentration of

MB and concentration of catalyst were studied.
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3.4.1 Effect of pH on MB photodegradation.

Different pH values ~ (4, 7.7, 10 and 11) of MB (40 mL, 40 ppm)

mixed with 0.10 g catalyst were studied.
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Figure 30: Effect of pH on MB solution (40 mL, 40 ppm) degradation reaction using 0.10 g of

ZnO@cCa-Alginate.

Figure (30) shows that the photodegradation efficiency of MB
increased as pH increases. MB photodegradation efficiency reached up to
98% at pH ~7.7 in 60 minutes. The maximum photodegradation efficiency
was reached at pH ~10. As the photodegradation at 7.7 is approximately
close to 100%. This pH (natural pH) was chosen here to complete our

investigations.

As discussed before in the adsorption suction, at pH ~7.7 an
electrostatic attraction is expected to occur between the MB™ (cationic

species) and the negatively charged composite surface (Pzc ~ 6.8).
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At pH~10 an electrostatic attraction is expected to happen between
the catalyst and the MB™. The presence of NaOH will generate the reactive
OH radicals which in turn will enhance the photodegradation efficiency.
Therefore, efficiency of photodegradation increases with increasing the pH
until it reaches the pH of 10 where it reaches the highest level of
degradation efficiency. At pH > 10, the degradation efficiency of MB

begins to decrease since neutral MBV (neutral species) is formed.

The H-bonding will be the predominant mechanism at pH range (>
10). Since H-bonding is weaker than electrostatic attraction, adsorption and

photodegradation efficiency decreases.

On the other side, the degradation efficiency was lowered at low pH
values. Only 75% contaminant loss occurred at pH ~4 after 60 min
exposure to light. At pH ~4 the composite is positively charged, while the
MB is present as cationic form. The electrostatic repulsion between the
composite surface charge and the cationic form of MB lowers the amount

of photodegraded MB.

Table 9: Effect of pH on values of T.N., T.F. and % Degradation.
Measurements were made after 30 and 60 min, under direct simulated

light using solution of MB (40 ml, 40 ppm) with 0.10 g composite (0.075

Zn0).

30 min

pH | %Deg | T.N(x10°) | T.F(x107)
4 21% | 1.1 0.037

77 | 90% | 4.70 0.157

10 96% | 5.03 0.167

11 83% 4.37 0.146
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3.4.2 Effect of MB concentration on photodegradation

Concentrations of MB (10, 20, 30, 40 and 50 ppm) were studied. 40
mL of MB solution was mixed with 0.10 g catalyst; the mixture was stirred
in dark for 30 min. and then exposed to light. Turnover number (T.N.),
turnover frequency (T.F.) and degradation percentage were calculated after
60 min. as shown in table (10).

Table 10: Effect of MB concentration on values of overall rate,
turnover number, turnover frequency and 9% Degradation.
Measurement were made after 60 min, using 0.10 g ZnO@Ca-Alginate
under solar simulated light, pH ~7.7, temperature = 30°C % 5,

volume =40 mL.

MB (ppm) % Degradation | T.N.x107 T.F. x 10°min™)
10 100 1.36 0.023
20 100 2.7 0.045
30 100 4.07 0.068
40 97 5 0.087
50 90 5.43 0.091

T.N. and T.F. values show an increase with increasing the MB
concentration. The high concentration of pollutants gives it a greater
opportunity to reach the active sites on the catalytic surface. That’s gives a
greater opportunity for the reactive types (OH" and O) to interact with MB

and degrade it.
3.4.3 Effect of catalyst loading on MB photodegradation

The amounts of catalyst (0.05, 0.10, 0.20, 0.25 g) were studied by
mixing a specific composite amount with MB (40 mL, 40 ppm). The pH

was adjusted to ~7.7 and at the temperature was thermostated to 30°C +5.



49
First, the % Degradation increased with increasing the amount of the
composite as shown in Table (11). At higher loading, the efficiency and the
T.N. were lowered, because higher number of catalyst particles blocks the
light from the surface of the catalyst [75]. The 0.10 g was found to be the
optimal catalyst quantity. It showed a high degradation percentage with a

high T.N.

Table 11: Effect of catalyst loading on values of T.N., T.F., and %
Degradation for MB. Measurements were made after 60 minutes using
0.10 g ZnO@cCa-Alginate under solar simulated light, pH ~7.7,

temperature = 30°C 5, contaminants (40 mL, 40 ppm).

Catalyst weight (g) % Degradation TN.x10° |T.F. x10°
0.05 65 6.50 0.110
0.10 97 5.00 0.084
0.20 95 2.58 0.043
0.28 92 1.76 0.030
0.35 91 1.30 0.021

3.5 Comparison between commercial ZnO and ZnO@Ca-Alginate in

photodegradation of MB

Tow solutions of MB (40 mL, 40 ppm) were prepared. A 0.10 g
ZnO@Ca-Alginate was added to first solution, to the second solution 0.08
g ZnO was added. The two solutions were stirred in dark for 30 minutes at
pH ~7.7 and at temperature 30°C 5. After that, the solutions were exposed
to simulated solar light for 60 minutes. The remaining MB was measured
by UV-spectrophotometer. The photodegradation results are shown in

Figure (31).
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Figure 31: Comparison between (0.08 g) ZnO and (0.10 g) ZnO@Ca-Alginate in MB
degradation. Measurements were made using MB concentration (40 ppm), solution volume=40

mL, pH ~7.7, temperature = 30°Cx5

Figure (31) shows that the ZnO@Ca-Alginate has higher adsorption
efficiency of ~50% at zero-time irradiation (before irradiation), while the
ZnO has lower adsorption efficiency toward MB. Both of naked ZnO and
composite show high photodegradation efficiency after more than 30
minutes of irradiation. Therefore, the composite system does not increase

photodegradation, but has the advantage of easy catalyst separation.
3.6 IM adsorption onto ZnO@Ca-Alginate

A solution of IM (50 mL, 20 ppm) was mixed with 0.10 g composite
ZnO@CA-Alginate. The effect of pH on the IM adsorption was studied.
The solution of IM was adjusted at different pH values ~ (4.5, 7, 9 and 12)
and stirred for 60 min, no significant adsorption was observed at all pH

values for IM on the composite.
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3.7 IM photodegradation study.

A solution of IM (50 mL, 20 ppm) was mixed with 0.10 g catalyst in
a 250 mL beaker, stirred in the dark for 30 minutes then irradiated by using
simulated solar light lamp (Philips, low voltage halogen lamp, 36V and 400
W) with alight intensity of ~100000 lux (similar to the intensity of the
natural sunlight) over 2-hour. Aliquots were withdrawn periodically at
different time periods, centrifuged and analyzed by using HPLC, the
absorption wavelength of IM~ 273 nm. Effect of pH on photodegradation

was also studied.
3.7.1 Effect of pH on IM photodegradation using ZnO@Ca-Alginate.

Diluted solutions of HCI and NaOH were used for adjust the pH of
IM solution, values of OM solution pH were adjusted to the following pH

values ~ (4.5, 7, 9, and 12).

, \
++++++++:ii|iiiii————IM
L ]

%)
=}

"
n

ZnO/Alg.

IM Concentration
o
[=]

Time (minutes)

pH45 mpH7 mWMpHS mpHI12

Figure 32: Effect of pH on IM (50 mL, 20 ppm) degradation efficiency using 0.10 g of

ZnO@Ca-Alginate.
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As shown in Figure (32), the higher photodegradation efficiency of
IM was at pH ~9, so that the pH ~ 9 was chosen as default pH for further
IM photodegradation experiments. The solution, at pH 9, is rich with OH
which is the main source of ‘OH (the mostly active species in the
photodegradation process). This feature can explain the increasing of IM

photodegradation at such pH value.

IM is mostly present as a neutral form at pH range (5.5< pH <9.5).
Therefore, at this pH range the hydrogen bonding is expected to be the

predominant adsorption mechanism rather than electrostatic attraction,

Figure (33).
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Figure 33: Possible IM hydrogen interaction with Ca-Alginate.,

At pH ~7 the H-bonding is still the predominant mechanism between
the neutral IM molecules and the surface negatively charged composite.
The photodegradation efficiency is predicted to be less than at pH ~9. This
may also be due to lowering of OH" ions in the neutral solution compared

with basic solution at pH = 9.

At pH ~12, both the IM molecules and the composite surface are
present in the negative ionic forms. The similarity in charge between the

IM and the composite surface causes electrostatic repulsions, which keep
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the IM molecules far away from the catalyst surface. This lowers the

photodegradation process of IM.

At low pH value (~4.5), the IM is present as a positively charged
species, at the same time the composite catalyst surface is positively
charged. The charge similarity between IM and the composite surface will
produce a repulsion forces that keep the IM molecules far away from the

catalyst surface. A lowering in the photodegradation of IM will thus occur.
3.8 Confirmation of contaminant mineralization.

HPLC analysis was done after different periods of irradiation, to
study the degradation process intermediate. The lowering in the
contaminant peak area and the formation of new peaks (intermediates)

confirmed contaminants degradation.
3.8.1 HPLC for MB

HPLC analysis was performed for a solution of MB. A solution of
MB (40 mL, 40 ppm) was mixed with 0.10 g catalyst. Aliquots where
syringed out of the mixture at different irradiation time periods (0, 30, 90,
120 and 140 minutes), the syringed liquates were centrifuged and analyzed

by HPLC (Water1525) at 663 nm.
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Figure 34: HPLC absorbance chromatogram for sample of 40 mL MB (40 ppm) mixed with

0.10 g catalyst at different times interval.

Figure (34) shows that two peaks with retention time at ~ (4.3 and 5
min) were observed. The peak with retention time ~ 5 min refers to the
MB. The peak area of MB decreased while the intermediate's peaks
increased with time until It's completely mineralized to CO,, H,O and
inorganic gases which are expected to be SO4, NH3 and nitrate/nitrite ions
within 120 minutes [76]. Peak 2, which resulted during the
photodegradation process and appeared at retention time 4.3 min, first
increased gradually during photodegradation; but at the end of the
photodegradation process the two peaks almost completely disappeared.
This confirms complete degradation of any original or produced organic

species during the photdegradation process. As shown in Figure (35).
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Figure 35: HPLC absorbance chromatogram of the peaks area for MB degradation

3.8.1.1 Analysis of produced inorganic minerals during the

photodegradation of MB:

A Nessler reagent was used for NH," ion detection [54]. Cadmium
reagent was used for detection of the NO;™ ions [55] and barium chloride
solution was used for detection of the SO,? ions [56] after the
photodegradation experiments. The analysis results for possible inorganic
minerals for the photodegradation of MB are presented in Table (12)

Table 12: Concentrations of inorganic ion that resulted from

photodegradation of MB. Measurement were made using MB solution

(40 mL, 40 ppm) mixed with 0.10 g at two photodegradation times

periods.
lons 60 minutes 120 minutes
S0,° Not detected Not detected
NH," 4 ppm Not detected
NOs 1.77 ppm 3.5 ppm
(~1 ppm as N)
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The carbon in the dye molecules was converted into carbon dioxide,
while the sulfur and nitrogen end up as inorganic ions such as sulfate,

ammonium and nitrate ions.

As shown in Table (12), the amount of sulfate (SO,) is less than the
expected from the initial MB concentration. This is possibly due to
adsorption of sulfate ions on the composite surface [41]. The N atoms
begin to form unstable ammonium cations (NH,"), which gradually
transform into more stable nitrate ions. After 120 min of irradiation, only ~
3.5 ppm of NOj3; was detected (with ~1 ppm N), while the value of
produced nitrogen in the solution from photodegradation of 40 ppm of MB
should be ~6 ppm. The difference in values is attributed to conversion of
parts of nitrogen contents into N, gas or possible escape of the ammonium

as NH; gas.
3.8.2 HPLC analysis of the photodegraded IM solution.

A solution of IM (50 mL, 20 ppm) was mixed with 0.10 g catalyst.
Aliquots of solution where syringed out at different time periods (0, 90,
320 and 440 minutes). The aliquots were centrifuged and analyzed using

HPLC (Water1525) at 270 nm.
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Figure 36: HPLC absorbance chromatogram for a solution of IM (50 mL, 20 ppm) mixed with

0.10 g catalyst for different times (0,90, 320 and 440 minutes) at pH 9 and at temperature

30°C 5.

Figure (36) illustrates three probable intermediate compounds
produced during the photodegradation of IM [77]. The three peaks have
retention times (~2.4, 2.1 and 1.8 min). The peak with retention time ~ 2.4

min is referred to IM. The other two peaks are attributed to the produced

intermediate species.

Minutes

After 440 minutes
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Figure 37: HPLC absorbance chromatogram of the peaks% area for IM degradation.

Figure (37) shows that there is a decrease in the IM concentration
with time. The peak with a retention time of 2.1 min increased at first
period of photodegrradtion process and then started to fall down at the end
of photodegradrtion course. This peak is attributed to intermediate species.
The peak at retention time of ~1.8 min, may be attributed to the produced
chloride ions which gradually increased during the photodegradation of IM
[78]. The final products of photocatalytic degradation of IM are CO,, Cl -
and NO3 [79].

When the technical IM was used in other studies [80] at the same
initial concentration, the rate of degradation was faster. This is expected

because it does not contain competing additives and stabilizers.

3.9 Catalyst reuse

The photodegraded MB solution was decanted, the remaining
composite was taken, washed and the solution was decanted again. A fresh
solution of MB (40 mL, 40 ppm) was added to the composite, the mixture

was stirred and exposed to source of irradiation for 60 min. The solution
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was then spectrophotometrically analyzed to determine the amount of the
remaining MB. The results are shown in Table (13). The percentage of
degradation for recovered catalyst was determined. No significant lowering

was observed in the catalyst efficiency on reuse.

Table 13: Values of % Degradation of MB using recovered ZnO@Ca-
Alginate catalyst

Trial % Degradation
1 98%
2 97%

3.10 Conclusions

1. Alginate demonstrated a high capacity for adsorption at various pH
levels despite the small amount involved in forming the composite in
the case of methylene blue, while it showed no adsorption efficiency in

case of IM.

2. The composite had higher photodegradation efficiency in the case of

methylene blue (100%) and lower efficiency in the case of imidacloprid.

3. Commercial ZnO showed larger particle size and smaller agglomerates

than supported one.

4. The point of zero charge (Pzc) of ZnO, Ca-Alginate and ZnO @ Ca-
Alginate (8.7, 6.5 and 6.8 respectively) was determined using the pH
drift method.
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5. Thermal stability for ZnO, Ca-Alginate and ZnO@Ca-Alginate was
measured using the TGA method and found that composite was more

thermal stability than Ca-Alginate.

6. The adsorption and degradation of contaminants are affected by the pH
solution, the charge of the contaminants, and the surface charge of the

catalyst (Pzc).

7. The optimum pH value for contaminants photodegradation by

ZnO@Ca-Alginate was ~7.7 (nature) for MB and ~ 9 for IM.

8. The experimental data showed that increasing the concentration of
contaminants causes an increase in the amount of its removal by

composite.

9. The experimental data showed that the equilibrium time for adsorption

of MB by Ca-Alginate could be taken after approximately 60 minutes.

3.11 Recommendations for future work

1. Using the point of zero charge values of many adsorbents (ZnO, Ca-
Alginate, ZnO@Ca-Alginate) as references in removing other pollutants

through adsorption and light degradation.

2. Examine the influence of other factors that may affect the adsorption of
Ca-Alginate, such as: temperature, and concentration of adsorbent in the

compound.
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3. Additional characterization for intermediates which formed from
degradation, such as the use of mass spectrum and atomic absorption

spectroscopy to analyze their elements.

4. Study ability to reuse ZnO for more than 2 times in photodegradation
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