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ABSTRACT

OF THE THESIS OF

Celine Antoine Arab for Master of Science
Major: Chemistry

Title: Preparation of Conjugated Curcumin Zinc Oxide Nanoparticles and their Application

Nanoparticles have been widely prepared and used in different domains, due to their unique
optical properties, small sizes and relative structure. Among these nanoparticles, zinc oxide
nanoparticles (ZnO NPs) have been developed and investigated to be applicable in various
field. In this work, the synthesis of zinc oxide nanoparticles was carried out based on
simple green method with optimization of the reaction parameters by taking into
consideration the best flow rate of potassium hydroxide (KOH) for the formation of ZnO,
under the appropriate pH, and at the proper temperature. Curcumin was used as a selective
conjugated reagent to increase the solubility and to enhance the activity of ZnO NPs. The
obtained nanoparticles were coated with chitosan polymer in order to increase their
stability.

The formed nanoparticles were characterized via UV-Visible, Fluorescence, XRD, TGA
and SEM. The purpose of this study is to establish the creation of the best nanoparticles and
utilize them in numerous applications.

First, their anticancer activity was monitored with MCF-7 breast cancer cells and Capan-1
pancreatic cancer cells. These nanoparticles were remarked to hinder up to 90% cancer
cells proliferation after 72 hours.

Second, zinc curcumin oxide nanoparticles coated with chitosan polymer (Zn(Cur)O-Chi)
played the role of outstanding nanosensors for the detection of ascorbic acid (AA) in a fast,
easy, stable, and selective way. As the concentration of AA increases (0-10 mM), the
emission intensity was noticed to increase as well. The LOD attained was equal to 36 uM.
The recovery range was between 94-100.6%.

Third, the adsorption of different anionic and cationic organic dyes onto the surface of
Zn(Cur)O NPs was tested with kinetic and isothermal studies. In a first place a full study of
the adsorption of congo red using Zn(Cur)O NPs as adsorbent was established. The impact
of the adsorbent dose, the concentration of the organic dye, and the pH of the solution were
varied and adjusted in a specific range. It was detected that the adsorption improves with
increasing the quantity of the nanoparticles and with reducing the concentration of the
organic dye. Therefore, the various adsorption sites will reach saturation. Moreover, an
acidic medium enhanced the adsorption process of congo red.



In a second place, the adsorption of different anionic and cationic dyes was developed and
the effect of the pH was validated. The kinetics study was monitored and it was found that
the adsorption process follows a pseudo 2™ order kinetic model.

Keywords: curcumin, zinc oxide, Zn(Cur)O NPs, chitosan, optimization, anticancer agent,
MCEF-7, Capan-1, ascorbic acid, emission intensity, adsorption, adsorption capacity,
organic dyes, pH, kinetics, isotherms
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CHAPTER |

INTRODUCTION

A. Nanotechnology and nanoparticles

1. Definition of nanotechnology and nanoparticles

Nanoparticle science has gained an increased importance worldwide, especially
during the past 10 years. It was encouraged by the Presidential Nanoscience Initiative
supported by Bush and Clinton administrations. The interest in nanoscience has improved
due to the utility of nanoparticles in a wide range of applications [1].

Moreover, nanotechnology was estimated by the National Science Foundation to
reach in the upcoming future an industry of one trillion US dollars [2], [3]. Usually,
nanoparticles possess a spherical shape with a diameter of 100 nm or less, on an order of

around 10 nm.

2. Properties of nanoparticles
Solid particles with their unique scales have outstanding properties allowing them
to be used in different fields [1]. Most importantly, they are highly stable, highly reactive,
and have notable optical features. Furthermore, the size of those nanoparticles allows them
to penetrate into the human body through lungs and skin.
Thus, nanoparticles can be also harmful by simply passing through the cell

membranes. Consequently, many researchers are currently studying the toxicity of
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nanoparticles, and the governments are funding these types of studies in order to determine

their characteristics and toxicity effects [3].

3. Type of nanoparticles

There are numerous types of nanoparticles. Among them, we can find the carbon
nanotubes, magnetic, metal oxide, liposome and polymeric nanoparticles.

Magnetic nanoparticles own special crystal symmetry structure with ramifications.
The creation of those nanoparticles is based on their atomic, surface, and magnetic
structures. In other words, symmetry and spin dynamics should be understood.

Their importance is related to the broad range of applications as [1]:

e Power generation: used as powder compacts.

e Biosensing: used as surface functionalized particles.

e Magnetic resonance imaging: used as contrasting agents.

e Magnetic storage media: used as particle arrays.

e Audio speakers: used as ferrofluids in solutions.

e Medical treatment: anti-cancer, anti-inflammatory, anti-oxidant, etc.

As for metal oxide nanoparticles, they are very essential and are used in different
sectors. The distinctive chemical and physical properties of those transition metals grabbed
the attention of the scientists due to their limited size and the sites present on their surface
area. In consequence; their synthesis was spread all over the world especially because of

the variety of their identities [4].
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Among these nanoparticles, zinc oxide nanoparticles have been recently developed

and widely investigated in different field.

B. Zinc oxide nanoparticles

1. Crystal structure of zinc oxide nanoparticles
Zinc oxide nanoparticles could be found in three different forms (See Figure 1).
First, ZnO NPs can exist in the wurtzite crystal structure. It is characterized by a hexagonal
shape with the presence of 2 lattice parameters. Every O? anion is surrounded by four Zn?*
cations in a tetrahedral structural shape. This will generate sp3 covalent bonding [5]. The
other two structures are the zinc blende cubic structure and the rocksalt [6]. At ambient

conditions, the most stable one is the wurtzite crystal structure [7].

Rocksalt Zinc blende Wurtzite

Figure 1 Crystal structure of ZnO NPs.

21



2. Properties of zinc oxide nanoparticles

Zinc oxide nanoparticles (ZnO NPs) have gained much importance as n-type
semiconductor sensors. They hold a wide band gap as well as a great exciton binding
energy of 3.37 eV and 60 mV respectively. This will enhance the electron mobility in those
transition metal oxide nanoparticles.

Moreover, the surface and volume of these nanoparticles could be controlled due
to their varied shapes and forms such as nanorods, wires, disks, ellipsoids and so on. They
could be produced at low cost in a simple and harmless method. They are as well thermally
stable.

Furthermore, ZnO NPs are highly sensitive and selective towards biological and
chemical toxins. Additionally, ZnO nanoparticles are naturally chemo-resistant. Their
sensing ability is primarily controlled by the variation in the chemical response obtained
when the specific analyte molecules get in contact with the external surface of those
particles [8].

They are also photo-chemically reactive and can be used for the production of gas
sensors, photodetectors, solar cells, field effect transistors, ultraviolet lasers, light emitting
diodes, etc.

The main two advantages of those nanostructures are their quantum confinement

and high surface area, enhancing their importance and usage in different domain [9].

3. Application of zinc oxide nanoparticles

The importance of zinc oxide nanoparticles was revealed in several studies.
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a. Adsorption activity

The increase in the number of industry was conducted with a rise of the water
pollution. This is due to the high release of different heavy metals and dyes. For this
purpose, researchers have investigated the importance of zinc oxide nanoparticles as
adsorbent for the removal of toxic chemicals.

For example, Mittal et al. have synthesized zinc oxide nanoparticles using
hydrogels. The generated ZnO NPs were utilized as adsorbents for the removal of malachite
green organic dye from agqueous solutions with a high adsorption capacity of 766.52 mg/g
[10].

In addition, Zafar et al. have produced spherical zinc oxide nanoparticles. These
nanoparticles have shown great adsorption capacity for the removal of azo dyes as methyl
orange and amaranth. The results have exposed that 0.3 g pf ZnO NPs displayed maximum
removal efficiency equal to 40 ppm for each dye [11].

Yuvaraja et al. have prepared ZnO nanorods and applied them as adsorbent
material for the removal of Arsenic (As (111)) from aqueous solution. They have found that
the maximum As (111) sorption capacity of ZnO nanorods was equal to 52.36 mg/g at pH 7,
with 0.4 g of adsorbent [12].

Another study conducted by Nalwa et al. have confirmed the role of ZnO NPs as
adsorbent for the removal of copper Il metals. Hence, a high percentage removal was
obtained at initial concentration of 300 mg/L. The percentage removal was equal to 98.71%

of Cu (I1) from its aqueous solution at pH 5 [13].
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Another adsorption application refers to the adsorption of Cr(VI) and Cd(l1) heavy
metals. Ghiloufi et al. studied the capability of Ga-doped ZnO nanoparticles in adsorbing
heavy metals from aqueous media with an adsorption capacity ge equal to 66.36 mg/g and

220.7 mg/g for Cd(1l) and Cr(VI) respectively [14].

b. Sensing application

Furthermore, zinc oxide nanoparticles have shown unique performance as a
biosensor. This activity is related to the distinct properties of ZnO NPs, presenting a high
isoelectric point, great biocompatibility and numerous multifunctional characteristics [15].

In recent times, Dayakar et al. have developed a non-enzymatic glucose biosensor
using ZnO NPs. In this study, a glassy carbon electrode glucose sensor was fabricated by
coating the electrode with the ZnO NPs. The detection of glucose was reproducible with
sensitivity equal to 631.30 pA.mM™.cm? and a linear dynamic range from 1 to 8.6 mM,
coupled with a very low detection limit equal to 0.043 uM [16].

Additional study was directed by Zheng et al. were they have produced ZnO NPs
synthesized by a Corymbia citriodora leaf extract. These nanoparticles were employed for
the construction of an electrochemical hydrogen peroxide (H202) biosensor. Hence, a linear
relationship was obtained between the ZnO NPs electrode and H.O> concentration (0.1-150
uM), with a detection limit equal to 0.07 uM [17].

On the other hand, small ZnO NPs in the range of 4-8 nm have shown an excellent

biosensor for the detection of silymarin. The study done by Sharma et al. has shown a good
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linear relationship with ZnO NPs and silymarin in a concentration range between 0.014 and
0.152 mg/L, with a lower limit of detection equal to 0.08 mg/L [18].

In addition, Cao et al. have used zinc oxide/reduced graphene oxide (ZnO/rGO)
heterostructure for the detection of NO> gas with a detection range of 5 ppb to 5 ppm and a

detection limit of 5 ppb [19].

C. Anti-cancer activity

Another application for zinc oxide nanoparticles is their anticancer activity.
Several biomedical studies have relied on nanoparticles as anticancer agent.

For example, Javed Akhtar et al. have tested the effect of ZnO NPs on three types
of cancer cells: human hepatocellular carcinoma HepG2 (human liver cancer cells), human
lung adenocarcinoma A549, and human bronchial epithelial BEAS-2B. The results
obtained highlight the importance of ZnO NPs on killing the three kinds of cancer cells
with no influence on normal cells. The remarkable difference between the normal cells and
the cancer cells in cytotoxicity studies and results indicates the utility of ZnO NPs in cancer

treatment and their ability to become a new substitute in the biomedical field [20].

d. Optical and magnetic application

It was found out that zinc oxide nanoparticles could be used for example as UV
absorbers like in the research conducted by Becheri et al. in order to shield this type of light
and test the effectiveness of the sunscreen activity [21]. Likewise, they are important to
improve biomedical applications [22], in optoelectronics devices and as infrared

biomarkers [23].
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Furthermore, Zinc oxide nanoparticles were also applied as magnetic
semiconductor. This was investigated by Zargar et al., where copper-doped zinc oxide
nanoparticles were used as magnetic semiconductors for spintronic device applications
[24].

To end up, ZnO NPs were used for polymer solar cells as cathode interfacial
layers. The choice of those NPs was due to their stability in the environment, low cost,

visible region transparency, crystallinity and mobility of their electrons [25].

e. Anti-bacterial application

The growing concern about resistant microorganisms encourages the study of new
and more effective antimicrobial agents. Efficient antimicrobial effects have been obtained
from metal oxide nanoparticles as zinc oxide nanoparticles [26].

Sivakumar et al. pointed out the role of ZnO NPs as antibacterial agent due to their
photocatalytic activity. The antibacterial effect was tested against Gram-negative E. coli
and Gram-positive S. aureus bacteria. When ROS were generated after irradiation, the
bacterial growth was inhibited for E. coli with 99.99% antibacterial activity, and for S.

aureus with 99.87% [27].

f. Anti-Diabetes agent

Another application was done by Dhobale et al. where zinc oxide nanoparticles
were used as fresh and novel alpha-amylase inhibitors. Their role relies on the prevention

of the absorption of dietary starches by the body by way of hindering the decomposition of
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complex sugars into simple sugars. As a result, those nanoparticles could play an

interesting role in diabetes control [28].

So on, these various applications of zinc oxide nanoparticles is related also to the

different available routes present to produce ZnO NPs.

4. Synthesis of zinc oxide nanoparticles
Different procedures could be applied to produce ZnO NPs such as co-
precipitation, sol-gel, microemulsion, hydrothermal and methods that require the presence

of a microwave in order to generate zinc oxide nanoparticles having diverse properties.

a. Co-precipitation method

Co-precipitation technique is the carrying down by a precipitate of substances
normally soluble under the conditions employed. In a classic co-precipitation synthesis, a
salt precursor is dissolved in agueous solution and then the corresponding hydroxides are
precipitated by the addition of a specific base such as ammonium hydroxide or sodium
hydroxide. After washing the produced ammonium or sodium salt, the hydroxides are
calcined resulting in metal oxide powders [29]. Co-precipitation method is a simple, low-
cost, and efficient technique for the production of nanoparticles.

Zinc curcumin oxides are commonly created following this procedure. Devi et al.
have produced pure ZnO NPs and cobalt doped ZnO NPs using co-precipitation method.

They have used zinc nitrate as salt precursor, polyethylene glycol as surfactant and sodium
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hydroxide to achieve the formation of the precipitate. After reflux for 24 hours, the
precipitate was dried at 120°C [30].

In another study, they were synthesized using zinc nitrate Zn(NOs)2 along with
sodium hydroxide (NaOH). The latter was added to the former that was heated, drop by
drop with stirring. After cooling and precipitation for 24 hours, the product was washed and

dried before annealing [31].

b. Sol-gel method

This method is usually practiced in wet chemistry. Sol-gel method is one of the
most used synthetic routes for the formation of metal oxide nanoparticles. This technique is
highly recommended due the outstanding control over the texture and the surface properties
of the materials. Basically, sol-gel method consists of 5 essential steps; starting with the
hydrolysis, poly-condensation, aging, drying and ending with thermal decomposition [32],
[33].

Ong et al. used this technique to form ZnO NPs. In a simple way, the sol was
prepared by zinc nitrate and oxalic acid dehydrate, while the solvent was represented by
ethyl alcohol, methyl alcohol and ultrapure water. Oxalic acid was added drop by drop in a
slow manner to zinc nitrate at room temperature that itself dissolved in the different
solvents under stirring. After sonication, drying and calcination, zinc oxide nanoparticles
were obtained [34].

Another study was established by Hasnidawani et al. presenting the synthesis of

ZnO NPs using the sol-gel method. In this study, the authors have mixed. Zinc Acetate
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Dihydrate with Sodium Hydroxide in double distilled water. The solution was stirred

continuously with the addition of ethanol drop wise in order to get a white precipitate [35].

¢c. Micro-emulsion method

Moving on to another technique, micro-emulsion could be taken into
consideration. The synthesis of nanoparticles based on micro-emulsion technique has
attained a significant interest in both basic research and industrial fields [36].

In a study elaborated by Lin et al., zinc oxide nanoparticles were produced via a
micro-emulsion technique. This was done by mixing equal amount of zinc acetate solution
and triethanolamine powder, in the presence of butanol and toluene as surfactant [37].

Kumar et al. have successfully generated zinc oxide nanoparticles via
microemulsion where ZnS04.6H20 solution was added dropwise to the microemulsion

(non-ionic surfactant, PVP, 1:9 cyclohexane and triple distilled water) with stirring [38].

d. Hydrothermal method

Hydrothermal technique is one of the common methods used for the preparation of
nanoparticles. It is fundamentally a solution reaction-based approach. In this method, the
formation of nanoparticles can occur at different temperatures, from room temperature to
very high temperatures [39].

Zinc oxide nanoparticles can be synthesized at low-cost with high quality and
efficiently by the hydrothermal technique.

In a study done by Wasly et al., a mixture of zinc acetate and sodium hydroxide

was maintained under stirring for 2 hours. Later on, it was transferred to a Teflon-lined
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stainless steel autoclave and kept for 8 hours at 150°C. After cooling, the white product was

centrifuged and washed, then dried for 6 hours using an oven at a temperature of 75°C [40].

e. Green synthesis

Green synthesis of nanomaterials is flattering one of the most central
methodologies in nanotechnology. This technique is based on the consumption of natural
entities that help decreasing the use of hazardous substances leading to the diminishing of
the synthesis of toxic products [41].

Nowadays, green synthesis is the most common technique to be taken into
consideration for the preparation of ZnO nanoparticles.

Plant leaf extracts are mostly used as reducing agents as well as stabilizing agents
for the production of the nanoparticles due to numerous advantages like the easiness and
facile ways, the economic aspect, and most importantly the nontoxic ecofriendly results
over the other techniques [9]. For example. Lingaraju et al. have green synthesized zinc
oxide nanoparticles by the usage of aqueous stem extract of Ruta graveolens, a herb that
belongs to the family Rutaceae, as reducing agent [42].

Lately, plant leaf extracts are being replaced by curcumin, due to the easy
manipulation and the minimization of the extraction steps. Curcumin was being used as a
reducing agent and conjugated agent to produce curcumin conjugated zinc oxide
nanoparticles.

Perera et al. have produced curcumin loaded zinc oxide nanoparticles using

aqueous solution of zinc nitrate hexahydrate and sodium hydroxide. The aqueous solution
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was mixed with curcumin and kept under stirring for 24 hours to ensure a complete
graphing of curcumin molecule on the surface of the zinc oxide nanoparticles [43].

Another study directed by Moussawi et al. have established the synthesis of
curcumin conjugated zinc oxide nanoparticles. In this study, the authors have synthesized
the NPs by mixing curcumin with zinc nitrate in double distilled water and refluxed for 1
hour at 90 degree Celsius. The solution was centrifuged and the precipitate was washed and
freeze dried for environmental application [44].

The use of curcumin in the synthesis of ZnO NPs has enhanced the activity of the
nanoparticles. This allows curcumin to be considered as an essential reagent in the

production.

C. Curcumin

1. Definition

Curcumin C21H200e, (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione), also called diferuloylmethane, and extracted from the ground rhizome of an East
Indian plant named Curcuma Longa commonly known as turmeric, is a hydrophobic bright
yellow polyphenolic pigment [45]-[47].

It is a member of the curcuminoids and it has been used for centuries in Ayurveda,
the traditional Indian medicine, in order to cure diabetic wounds, jaundice, skin and eye
infections, and to treat sinusitis, flatulence, acnes, ulcers, rheumatism, arthritis, sprains, and

as a therapy for hepatic disorders, dysentery, and upset stomach [48]-[50].
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The largest market and consumption of curcumin is found in North America,
followed by Europe and Asia-Pacific countries. Furthermore, the market of curcumin is
predicted to reach around 94.3 million dollars probably by the year 2022 [51]. India is the
largest stock and source of turmeric production [52]. Other derivatives than curcumin from
Curcuma Longa plant include dimethoxy curcumin, ar-turmerone, bisdemethoxycurcumin,
methyl curcumin, and sodium curcuminate [53]. Curcumin is the most abundant and
consists of around 75% of the turmeric plant. The following two major components are

dimethoxy curcumin (~20%) and bisdemethoxycurcumin (~5%) [54].

2. History of curcumin

It was isolated first by Vogel in 1842. Initially, curcumin was isolated from
turmeric by solvent extraction, followed by column chromatography [55]. Among solvent
extraction, soxhlet, ultrasonic and microwave extraction were useful in the purpose of
extracting curcumin [56].

Later on, it was characterized by Milobedeska in 1910, where he found that
curcumin is a diferuloylmethane compound, where it’s [IUPAC name is (1,7-bis (4-
hydroxy-3-methoxyphenyl)-1,6-hepadiene-3,5-dione).

Finally it was synthesized and proved by Lamp in 1913 [57], [58].

The synthesis of curcumin involves five consecutive steps. The raw materials are
carbomethoxyferuloyl chloride and ethyl acetoacetate.

Pabon et al. have developed a new method to prepare curcumin using acetyl acetone
in the presence of boron trioxide, with different substituted aromatic aldehydes, trialkyl

borate and n-butylamine (See Figure 2) [59].
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Figure 2 Synthesis of curcumin based on Pabon et al. mechanism.

3. Tautomerization of curcumin
The common name of curcumin is diferuloylmethane as mentioned earlier. It is
chemically called a bis-a,B-unsaturated B-diketone. It exhibits a keto-enol tautomerism,
where the enolic form dominates in alkaline solutions so that the phenolic part of curcumin
act as an electron donor, whereas the keto form is more stable and dominant in acidic and
neutral media hence curcumin will act as a proton donor (See Figure 3). Under

physiological conditions, both forms co-exist in equilibrium [52], [60].
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Figure 3 keto-enol tautomerism of curcumin.

4. Chemical properties of curcumin

In nature, curcumin is crystalline and soluble in extremely acidic and alkaline
solvents [61]. It is an oil-soluble compound that dissolves easily in dimethylsulfoxide
(DMSO0), methanol, ethanol, chloroform, or acetone, but it is slightly soluble in neutral or
acidic aqueous solutions since it is hydrophobic especially due to the diketone part of the
molecule [49], [51], [52].

The vivid and intense yellow color of turmeric is mostly due to the existence of the
various polyphenolic curcuminoids. Curcumin’s yellow color changes into dark red at
highly basic pH due to its degradation into feruloyl methane, ferulic acid and vanillin since
it is unstable under alkaline conditions.

To sum up, curcumin has low solubility in acidic and neutral solutions, while it is

unstable and undergoes a hydrolytic degradation under basic conditions [46], [51]
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5. Toxicity of curcumin

Food and Drug Administration (FDA) identified curcumin as a safe molecule for
human consumption. Several studies, preclinical as well as clinical, measured the safety of
this compound. Healthy subjects were tested in a clinical study.

Some of them took up to 8000 mg/day of curcumin where no levels were detected
in their serum, while the others took around 10000 mg/day and 12000 mg/day where only
traces of curcumin were spotted. No harmful effects were observed in the healthy patients
meaning that curcumin is safe and not toxic.

Likewise, a good safety profile of this compound was experimentally detected for
unhealthy subjects having high-risk conditions or cancer, and taking doses up to 8000
mg/day of curcumin. Only few side effects and slight toxicity were remarked such as
headache, nausea, diarrhea, and yellow stool by patients affected by primary sclerosing
cholangitis, and they are considered as grade 1 toxicity, while intractable abdominal pain
was reported by patients affected by advanced pancreatic cancer and taking gemcitabine
medication.

Finally, curcumin was established to be, due to several studies, low-cost, effective,

safe, and well-tolerated in healthy as well as high-risk conditions patients [47], [62], [63].

6. Limitation of curcumin
Moving on to the disadvantages of curcumin, it has poor gastrointestinal
absorption and systematic bioavailability in addition to low solubility as mentioned earlier
[64]. Furthermore, metabolism plays an important role in reducing the oral bioavailability

and bioactivity of curcumin compound.
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The parent molecule, curcumin, will undergo a series of complex metabolic
reactions in the gastrointestinal tract generating a variety of metabolites having diverse
properties [65].

Despite having numerous benefits and a good safety profile, studies showed that
around 75% of curcumin were eliminated out of the body in feces, while insignificant
quantities of that compound were detected in the urine when they were ingested by rats at a
dose of 1 g/kg.

To overcome these drawbacks and limitations, the combination of curcumin
molecule with adjuvant substances like piperine, or formulation in nanoparticles, micelles,
liposomes, or encapsulation with cyclodextrin (CD) or polylactic-co-glycolic acid (PLGA)
for example, or dispersion with colloidal sub-micron particles, showed an enhancement in

therapeutic possibilities and an increase in bioavailability through different studies [62].

7. Curcumin’s application

Curcumin presents a wide band of application. Its usage in bile duct problems,
meaning biliary diseases, was recognized by the treatment of 67 patients first in 1937. Next,
its antibacterial activity was documented in 1949. Moreover, its capability to reduce blood
sugar levels in humans, in other words its usage as an antidiabetic treatment, was detected
in 1972 [50].

According to several studies, in vitro and in vivo, the safe low-cost and effective
curcumin drug has anticancer [52], [66], anti-inflammatory such as anti-rheumatoid arthritis

[61] and psoriasis [62], antimicrobial [67], antioxidant [62], anti-Alzheimer [63], anti-
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Parkinson [61], anti-cardiovascular diseases, anti-depression and anti-anxiety

pharmacological effects [61].

a. Curcumin as conjugated and reducing agent

Lately, researchers started to elaborate the role of curcumin as a
reducing/stabilizing agent in chemical preparation of nanoparticles. Mainly, curcumin was
used as reducing agent in the synthesis of metallic nanoparticles. Hence, the electrons in
province from curcumin provide the reduction of the metal from M** to M°. Meaning that,
the transformation of the metallic species from its bulk composition to its electric state
occurs [68].

For example, EI-Kurdi et al. have synthesized gold nanoparticles in neutral media
using Chloroauric acid and curcumin, in the presence of surfactant only, without the need
to use toxic reagent like sodium borohydride [69], [70].

Another explanation was adopted by Khan et al. in order to evaluate the role of
curcumin as reducing agent to produce Ag NPs [71]. Briefly, Khan et al. have dissolved a
specific amount of curcumin in NaOH. According to the authors, when adding NaOH to
curcumin, curcumin oxide is formed.

Hence, when curcumin was added to AgNOs in the first place, a complex was
formed (equation 1). This complex reacted with curcumin oxide in order to produce Ag°
(equation 2).

Ag" + Cur — s[Ag(Cun)]* Equation (1)
[Ag(Cur)]" + R-COH ——]Ag(Cur)]"R-COOH Equation (2)

Moreover, curcumin is also used to reduce copper, and iron ions respectively [72].
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In addition, curcumin was conjugated to zinc oxide nanoparticles [43], [44] and

copper oxide nanoparticles in order to increase their efficiency and their activity [73], [74].

b. Anti-cancer activity

Starting with anticancer activities, this yellow compound could participate in the
therapy of different cancer sorts like colorectal (colon), breast, familial adenomatous
polyposis [63], lung [75], and pancreatic cancer types [76].

In a study conducted for several months, patients were administrated orally 180
mg of curcumin in order to examine its efficiency in the treatment of colon cancer. This
dose seemed to be safe. Its concentration in the tissues of the colon mucosa was found to be
between 0.2 and 1.8 mmol/g. In another study carried out for 7 days, twelve patients aged
between 47 and 72 years old and affected by colorectal cancer were administrated 3.6 g, 1.8
g, or 0.45 g of curcumin. Measurements of its concentration in the colorectum of humans
were done and found to be 7.7+1.8 nmol/g which is efficacious. Consequently, curcumin
could achieve the effective therapeutic concentration by accumulating in the colorectum,

and by doing that, having the potential to treat and cure colon cancer patients [63].

c. Anti-inflammatory activity

Moving further to the anti-inflammatory activities of curcumin, Yang et al. studied
the effect of curcumin on the inflammatory bowel disease (IBD). It is a chain of
inflammations taking place in the small intestine and the colon. There are two main forms

of it: Crohn’s disease and ulcerative colitis. Patients were treated with curcumin. At the
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beginning, all the patients had sigmoidoscopies and biopsies. At the end of the treatment,
the indexes of inflammation decreased making by that curcumin a promising agent against
inflammations [63].

Another important role for this bright yellow compound is its antioxidant as well

as pro-oxidant features.

d. Anti-oxidant activity

In a study, curcumin inhibited the generation of reactive oxygen species (ROS) in
addition to the removal of OH' radicals and O2". In other studies, curcumin showed pro-
oxidant effects too. Consequently, it was found that antioxidant and pro-oxidant effects are
dependent on the dose of curcumin used and on the chemical environment as well.
Therefore, a balance between these two activities should be taken into consideration [52].
Besides its antioxidant and pro-oxidant activities, curcumin inhibits beta-amyloid (Ap)
neurotoxicity in the brain and is recognized to reduce the Alzheimer’s pathology due to its
anti-aggregation activity against AB. The overall dysfunction of the memory in Alzheimer’s

disease has improved [61].

D. Aims

After illustrating the information regarding nanoparticles, metal oxide
nanoparticles and curcumin, we will focus in our work on the synthesis of zinc curcumin

oxide nanoparticles.
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The formation of zinc oxide nanoparticles will be achieved using curcumin as
conjugated agent.

The synthesis of zinc curcumin oxide nanoparticles is performed based on a
simple, green, low-cost and efficient method. In Chapter 111, we will highlight the
mechanism of the synthesis in addition to the optimization of the reaction parameters, in
order to obtain the most suitable zinc curcumin oxide nanoparticles. The reaction
parameters that are optimized are as follows: the flow rate of KOH, pH of the medium,
reflux temperature and effect of polymer addition.

Moreover, as said earlier, ZnO NPs were found to be nontoxic to normal cells.
Hence, curcumin reacts as anti-cancer reagent but it has poor bioavailability. For this
reason the conjugation of zinc oxide nanoparticles with curcumin will be elaborated. In
Chapter IV the formed nanoparticles will be applied as anticancer agents against MCF-7
breast and Capan-1 pancreatic cancer cells.

Ascorbic acid or Vitamin C is an indispensable nutrient found mostly in fruits and
vegetables. The body needs ascorbic acid in order to form and preserve bones, blood
vessels, and skin. Ascorbic acid likewise encourages the healing of cuts, abrasions and
wounds; aids in fighting infections; prevents conversion of irritants in smog, tobacco
smoke, and certain foods into cancer-causing substances. For this reason, it is quiet good to
find a simple, low cost and effective method to detect it. In Chapter V, zinc curcumin oxide
nanoparticles coated with chitosan will be designed as effective nanoprobes to detect
ascorbic acid. The detection of ascorbic acid was done using fluorescence emission

technique. The selectivity and the accuracy of the method are also investigated.
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Azo dyes are organic compounds presenting the functional group R—N=N-R’, in
which R and R’ are usually aryl. Azo dyes are extensively used to treat textiles, leather
articles, and some foods. Azo dyes are presented in water, increasing thereby its pollution.
So far, it is important to form an adsorbent in order to remove the azo dyes form water. An
important azo dye is congo red. In Chapter VI, zinc curcumin oxide nanoparticles will be
elaborated as new complex in the removal of congo red from aqueous solution. The
efficiency of zinc curcumin oxide nanoparticles will be compared with zinc oxide
nanoparticles in order to prove the role of curcumin in enhancing the activity of ZnO NPs.

As organic azo dyes are found in huge amounts in waste water, different dyes as
methyl orange, methylene blue, rhodamine 6G and rhodamine B will be also evaluated. In
Chapter VII, zinc curcumin oxide will be used as adsorbent for the removal of these dyes.
Since, they are divided into cationic and anionic dyes; the effect of pH will be investigated.

In Chapter VI and V11 the adsorption study will be achieved by measuring the

absorbance of the solution mixture within time.
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CHAPTER II

MATERIALS AND METHODS

A. Materials

All the chemicals that were used in our research work are presented in Table 1

with their respective chemical formula, chemical structure, purity and source.

ical ) Puri
Nomenclature Chemica Chemical structure urity Source
formula (%)
H;C o Sigma
Acetone CH3sCOCH3 Y 99 Aldrich
CH;
o
H,N,
Alanine CaHiNO2 : HKOH 98 | Merck
HO M
Ascorbic acid CsHsOs no” 0 99 Acros
HO OH
HO
o0O—+H
Chitosan OH _
oligosaccharide ' Sigma
98 .
lactate CraH2sN20s OH o NH, Aldrich
o
OH
HO
L NH; _n
Sigma
Cholesterol C27H160 98 Aldrich
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320% HCI H—ClI Aldrich
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Table 1 List of chemicals used.

B. Sample Preparation

Zinc curcumin oxide nanoparticles were prepared as follow (See Figure 4).

) Addition of KOH using
Reflux for 1 hour at 80°C burette with continuous
under continuous stirring agitation
Zinc nitrate hexahydrate
+ curcumin solution
Centrifugation at 4000

rpm for 10 minutes

. Freeze dryer for

24 hours
¢ ——

Figure 4 scheme illustrating the synthesis of zinc curcumin oxide nanoparticles.

In a first step 1.48 g of zinc nitrate hexahydrate (C=0.1 M) in 50 mL of a pH=13
solution heated at 80°C. In a second step, 0.18 g of curcumin (C=0.1 M) dissolved in 5 mL
of acetone were mixed with the zinc nitrate solution. Later on, the mixture was kept under

reflux for one hour at 80°C with constant stirring. After that, 0.11 g of KOH (C=0.2 M)
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dissolved in 10 mL pH=13 solution heated at 80°C was added dropwise using a burette to
the mixture while stirring. Subsequently, the final solution was centrifuged at 4000 rpm and
the precipitate was washed with double distilled water DDW 3 times. Finally, the washed
precipitate was kept 24 hours under freeze dryer to obtain a washed solid precipitate of

Zn(Cur)O NPs.

C. Instrumentation

Scanning electron microscopy (SEM) analysis was done using a Tescan, Vega 3
LMU with an Oxford EDX detector (Inca XmaW20). The accelerating voltage was 5 kV
with a magnification of 500 nm. In short, few powder of zinc curcumin oxide nanoparticles
solution were deposited on an aluminum stub and coated with carbon conductive adhesive
tape.

Zeta potential and dynamic light scattering value were measured using Particulate
systems, NanoPlus Zeta Potential/Nano Particle analyzer.

The absorption spectra were recorded at room temperature using a JASCO V-570
UV-VIS-NIR spectrophotometer in the wavelength range of 200-800 nm ina 3 mL
Ccuvette.

Fluorescence spectrum was measured using a Jobin-Yvon-Horiba Fluorolog 11l
fluorometer and the FluorEssence program. The excitation source was a 100 W Xenon
lamp, and the detector used was R-928 instrument operating at a voltage of 950 V by
keeping the excitation and emission slits width at 5 nm. For all spectroscopic

measurements, 1 mg of Zn(Cur)O nanoparticles were mixed with 5 mL of DDW and
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stored. From this solution 0,1 mL was transferred and diluted to 3 mL with DDW and the
measurement was carried out in a 3 mL cuvette.

The X-ray diffraction (XRD) data were collected using a Bruker d8 discover X-ray
diffractometer equipped with Cu-Ka radiation ( A = 1.5405 A). The monochromator used
was a Johansson type monochromator.

Thermo gravimetric analysis (TGA) was performed using a Netzsch TGA 209 in
the temperature range of 30 to 1000 °C with an increase of 10 °C. min under N

atmosphere.

D. Optimization of the reaction parameters

Different size and shape of zinc oxide nanoparticles can be produced based on the
reaction parameters. In this context several modifications were done during the preparation
to test their effect on the formed NPs. The parameters that were modified are:

a) Flow rate of KOH
b) pH
c) Reflux temperature
d) Addition of polymer
The synthesized nanoparticles were characterized using spectroscopic and

microscopic techniques to check the difference between the obtained shape and size.
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E. Application of Zinc Curcumin Oxide Nanoparticles

Zinc oxide nanoparticles have taken much importance in different fields. These
nanoparticles have been used as catalyst, anti-oxidant, anti-cancer, quenching agent, and in
many sensing applications, etc. In our research work, different applications were carried out
to examine the efficiency and suitability of these nanoparticles. Among those applications,
we had focused on:

a) Anti-cancer activity of Zn(Cur)O-NPs coated with chitosan.
b) The use of Zn(Cur)O coated with chitosan as nanoprobes.

¢) The efficiency of Zn(Cur)O NPs as adsorbent for organic dyes.

It is important to mention that for each application, the sample preparation is

developed in its specific chapter.

48



CHAPTER Il

CHARACTERIZATION AND OPTIMIZATION OF THE

REACTION PARAMETERS IN THE SYNTHESIS OF ZINC

CURCUMIN OXIDE NANOPARTICLES

A. Introduction

Nanoparticles can be found in different structures; as different shapes and sizes.
They can also have different crystallinity and variable stability that can make them
applicable in different fields [77]. Nanoparticles are classified in two grand categories as
organic and inorganic nanoparticles. Mainly organic nanoparticles are used in drug
delivery. Besides, metal and metal oxide based nanoparticles are considered as inorganic
nanoparticles. Among these metal oxide nanoparticles, zinc oxide nanoparticles (ZnO NPs)
are widely investigated and developed [77], [78]. The synthesis of zinc oxide nanoparticles
could be done through several chemical, physical and biological reactions [79]. Zinc oxide
nanoparticles have superior catalytic properties, resulting from the large ratio of the
nanoparticle surface to its volume [78]. The structure, morphology and the size of ZnO NPs
depend strongly on the synthesis process, salt precursor used, additive reagents, pH,
temperature and surface modification [80]. Zinc oxide may be formed in nanorods shape

[81], nanoplates [82], nanospheres and nanosheets [83], nanowires [84], etc.

49



Recently, the activity of zinc oxide nanoparticles is enhanced when modifying its
surface. Hence, since 2014, curcumin was being used as a non-toxic reagent that can be
easily added to the ZnO NPs to form zinc curcumin oxide nanoparticles (Zn(Cur)O NPs).

Recently, curcumin is being developed to be used as a reducing agent for metal
nanoparticles [85], [86], and as a conjugating agent for metal oxide nanoparticles [87], [88].
The combination of curcumin and zinc oxide nanoparticles decreases on the first hand its
toxicity and enhances on the other hand its bioavailability and efficiency on a different
level.

As said earlier, the shape, stability and crystallinity of zinc oxide nanoparticles
depend on the reaction factors. For this purpose, our work was based on the development
and the optimization of the synthesis parameters in order to get the most suitable and

efficient zinc curcumin oxide nanoparticles.

B. Methods of preparation

The size, shape, crystallinity, etc. depend strongly on the reaction parameters. For
this purpose, the reaction parameters were optimized in order to prepare the suitable
Zn(Cur)O NPs.

Among these parameters, the ones that were tested are the following: flow rate of

KOH, pH of the reaction, variation in temperature and addition of a chitosan polymer.
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1. Effect of the flow rate of KOH
A solution of KOH (C=0.2 M) was prepared by dissolving 0.11 g of KOH in 10

mL double distilled water. It was added to the final solution obtained after reflux by 4
different ways. Accordingly, 4 final solutions were prepared. The first way was the addition
of 10 mL KOH directly. In the second solution, this quantity was divided into two part: 5
mL were added using a graduated pipet and the solution was kept under stirring for 2 to 3
minutes, then the other 5 mL were added and stirred for the same time interval. The third
way was similar to the second one but with the division of the 10 mL into 3 parts (3.33 mL
in each step, separated with 30 seconds of stirring). The last one refers to the addition of the

10 mL KOH drop by drop using a burette while stirring the solution.

2. Effect of pH
The preparations are similar to the previous ones mentioned above with slightly
small changes. After choosing the best way to add KOH, the study of the variation in pH
was done to investigate its role in the production of Zn(Cur)O NPs. In this case, the zinc
nitrate and the KOH solutions were both prepared in different solutions of pH equal to 4, 7,

10, and 13 consecutively instead of using double distilled water.

3. Effect of temperature
After the adoption of the suitable pH, Zn(Cur)O NPs were prepared similarly with
variation in temperature, since this parameter is essential and could affect the results in a

considerable way. The temperatures used were 40, 60, 80, and 95°C.
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4. Effect of polymer addition
Moreover, coating with a polymer was necessary since it improves the results
significantly. Chitosan polymer was used for this purpose. Hence, 10 mg of it was added in
3 ways. The first one was its addition directly before reflux. The second way refers to its

addition before KOH and the last one was adding chitosan at the end, meaning after KOH.

C. Results and discussion

The preparation of Zn(Cur)O NPs was carried out through one simple route under
reflux. Different shapes and properties could be achieved when varying the reactions
parameters. For this purpose, different optimizations were established and the obtained
Zn(Cur)O were compared and characterized through UV-Visible absorption spectroscopy,

fluorescence spectroscopy, TGA and XRD.

1. Effect of the flow rate of KOH

These experiments were done as follows. In the first place, curcumin was
dissolved in acetone, and zinc nitrate was dissolved in double distilled water heated at 80
degrees Celsius. The two solutions were mixed and kept under reflux for 1 hour at 80
degrees Celsius. 10 mL of KOH were added in four different ways.

In this experiment, KOH is used as supporting reducing agent, where it increases
the yield of the nanoparticles formation. UV-Visible absorption spectroscopy was used
initially in order to characterize the obtained products from the four different trials. As

shown in Figure 5, curcumin peak is usually found to be around 425 nm. This peak was red
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shifted to higher wavelength when Zn(Cur)O nanoparticles were formed after the addition

of KOH solution in 2 steps, 5 mL each, or 3 steps, 3.33 mL each.
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Figure 5 UV-Visible of curcumin and Zn(Cur)O prepared at different flow rates of KOH.

No remarkable change was observed when adding KOH in one step, 10 mL
directly using a pipet. However the addition of KOH solution drop by drop using a burette
caused the occurrence of a slight blue shift indicating the formation of smaller NPs. As for

the fluorescence study, free curcumin exhibits an emission wavelength around 500 nm

(Figure 6).
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Figure 6 Fluorescence of curcumin and Zn(Cur)O prepared at different flow rates of KOH.

This wavelength is red shifted to higher wavelength when complexed to ZnO NPs.
However, when adding directly 10 mL of KOH, the peak was slightly shifted to 540 nm
with a decrease in the emission intensity. Also, this peak is red shifted to 600 nm when
adding the KOH in several steps. Thus, the highest emission intensity was observed when
adding KOH dropwise using a burette, revealing the most efficient formation of
nanoparticles.

The X-Ray Diffraction (XRD) analysis was also done and the results are depicted
in Figure 7. The characteristic peaks of curcumin alone appeared at diffraction angles of 26
equal to 8.06°, 9.14°, 12.37°, 15.06° and 17.75°, etc. indicating that curcumin is present in

the crystalline form.
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Figure 7 X-Ray diffractogram of curcumin and Zn(Cur)O prepared at different flow rates of
KOH.

Curcumin characteristic peaks were slightly present in the Zn(Cur)O NPs X-Ray
pattern in the four different cases, meaning that curcumin is being complexed with ZnO
nanoparticles inducing their crystallinity. As for the experiments where the flow rate of
KOH was added using burette or in direct way 10 mL, Zn(Cur)O peaks were somehow
observed better than the other two cases. To sum up, curcumin peaks were slightly absent
in all cases, therefore new peaks were noticed at 26 equal to 33° and 34.9° and 58° when
adding KOH drop by drop. These new peaks correspond then to the generated Zn(Cur)O
nanoparticles.

In addition, based on the thermogravimetric analysis TGA, the percentage of the
mass loss with increasing temperature was found lesser for the NPs formed when the
burette was used than the other experiments (Figure 8). The TGA analysis showed a weight

loss in two steps at 210 °C and 430°C. The weight loss is attributed to the decomposition of
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curcumin. Approximately, Zn(Cur)O NPs prepared in all cases undergo the same

degradation.
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Figure 8 Thermogravimetric analysis of curcumin and Zn(Cur)O prepared at different flow
rates of KOH.

The TGA results indicate that a mass loss of ~80% happened during the thermal
breakdown of Zn(Cur)O NPs prepared using a burette for the addition of KOH, and a mass
loss of ~85% occurred during the thermal decomposition of the other nanoparticles.
Therefore, the lowest mass loss occurred when using the burette.

Consequently, the flow rate of KOH that will be used throughout the experiments
is the one where KOH will be added drop by drop using a burette since the nanoparticles

obtained using this flow rate were the most stable and crystalline.
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2. Effect of pH

It is known that curcumin is slightly soluble in water and acidic media. Hence, it is
highly soluble in basic media, at high pH. Earlier studies have shown that curcumin
complexation to ZnO NPs is more stable at higher pH, in alkaline solution, where less than
6% of curcumin was lost after incubation [89]. For this reason, zinc nitrate was dissolved in
different solutions of different pH (4, 7, 10 and 13) and heated at 80°C. The solutions were
kept under reflux for 1 hour at 80°C and 10 mL of KOH were added drop by drop using a
burette. As it is shown in Figure 9, the highest absorbance was obtained at pH=10 and
pH=13 with a slight red shift of the wavelength. However, at pH=4 and pH=7, the

maximum wavelength remains fix compared to the curcumin peak.
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Figure 9 UV-Visible spectrum of curcumin and Zn(Cur)O NPs prepared at different pH.
Moreover, the emission spectrum was recorded and illustrated in Figure 10. As it

is shown, Zn(Cur)O NPs prepared at pH=4 have the lowest emission intensity. This is due
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to the fact that curcumin is insoluble in acidic media. However, the emission intensity
increases with the increase of the pH, conducted with a blue shift to 500 nm at pH=13. This
difference in the intensity is mainly due to the fact that curcumin strongly interacts with

zinc oxide nanoparticles at basic media.
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Figure 10 Fluorescence emission spectrum of curcumin and Zn(Cur)O NPs prepared at
different pH.

These results were verified by XRD diffractogram, where the characteristic peaks
of Zn(Cur)O NPs were remarkably observed only at pH=13 at 26 values equal to 31.63°
(hkl, 100), 34.45° (hkl, 002), 36.32° (hkl, 101), 47.45° (hkl, 102), 56.66° (hkl, 110), 63.02°
(hkl, 103), 67.87° (hkl, 112) and 69.25° (hkl, 201). These diffraction peaks indicate the

formation of a hexagonal wurtzite structure.
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Figure 11 X-Ray diffractrogram of curcumin and Zn(Cur)O NPs prepared at different pH.

These results were similarly obtained with Nasrallah et al. and Soumya et al. [46],
[90]. Interestingly, curcumin diffraction peaks were totally disappeared indicating that
curcumin has been complexed to ZnO completely (Figure 11). In contrast, curcumin peaks
were obtained at pH equal to 4, 7 and 10, meaning that curcumin did not react totally and
thereby inhibiting the formation of Zn(Cur)O NPs.

Finally, looking at the results of the TGA illustrated in Figure 12, no degradation
of curcumin was observed and a high stability for the Zn(Cur)O was obtained with <20%
loss in mass at pH=13. The highest percentage of mass loss was observed for pH=4 (the
most acidic) and it is approximately equal to 70%. In addition, Zn(Cur)O NPs prepared at

pH=7 and pH=10 had a mass loss of about 45%.
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Figure 12 Thermogravimetric analysis of curcumin and Zn(Cur)O NPs prepared at different
pH.
In conclusion, based on the analysis done above, pH=13 was found to be the most

suitable for the formation of zinc curcumin oxide nanoparticles.

3. Effect of temperature

The reaction temperature was varied from 40 to 95°C. When the temperature was
increased from 40 to 80°C, more curcumin has reacted allowing the formation of more
Zn(Cur)O NPs. as shown in Figure 13A where the absorbance increases. The same applies
for the emission intensity that increases with the temperature as well (See Figure 13B),
except for the highest temperature, 95°C, where both the absorbance and emission

intensities decreased with slight red shift in the UV-Visible absorption peak, this small
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change could be new defect site at higher temperature due to less amount of curcumin

conjugation.
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Figure 13 (A) UV-Visible and (B) Fluorescence of Zn(Cur)O prepared at different
temperature.
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As for the X-Ray Diffraction analysis (Figure 14), the patterns for the lowest two
temperatures 40 and 60°C indicate the presence of only two characteristic peaks for
Zn(Cur)O NPs implying the occurrence of an incomplete reaction inhibiting the formation
of Zn(Cur)O NPs. However, the XRD patterns of 80 and 95°C represent the characteristic
peaks of Zn(Cur)O nanoparticles, meaning that at high temperature curcumin can be easily

complexed to ZnO NPs.
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Figure 14 X-Ray diffractogram of curcumin and Zn(Cur)O NPs prepared at different reflux
temperatures.

TGA results (see Figure 15) indicate a significant mass loss of around 70% and
65% at 40 and 60°C respectively, which suggests the presence of free curcumin with no

complete formation of Zn(Cur)O NPs confirming the XRD results. However, at 80 and
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95°C, the mass loss is around 15% indicating a better interaction and complexation of

curcumin with ZnO NPs, approving by that the results of XRD.
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Figure 15 Thermogravimetric analysis of curcumin and Zn(Cur)O NPs prepared at different
reflux temperature.

As a result, 80°C is the most appropriate temperature to be used according to the
optimization studies, preventing furthermore the boiling of water during the reflux at higher

temperatures.

4. Effect of polymer addition
As discussed earlier, coating Zn(Cur)O NPs with a polymer will decrease the
toxicity of ZnO nanoparticles keeping their beneficial properties, and preventing the

formation of clusters [36-38]. It will be proven that it also increases the stability of
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Zn(Cur)O NPs. The addition of chitosan was monitored in 3 different ways, after or before
the addition of KOH, or before the start of the reflux.

The UV-Visible measurements and emission spectra are presented in Figure
16A&B. Interestingly, the UV-Visible absorption peak at 360-370 nm became prominent
when adding chitosan compared to the Zn(Cur)O NPs prepared without coating suggesting
chitosan directly gets involved during the formation of ZnO and creates different defect
sites than Zn(Cur)O but similarly to naked ZnO. Though curcumin absorption peak is
weak, the fluorescence spectra confirm curcumin conjugation. The highest fluorescence
intensity was obtained for the case when adding chitosan after KOH compare to when
chitosan was added before KOH suggesting chitosan compete with curcumin for
conjugation during the formation of Zn(Cur)O when chitosan is added before KOH by
forming particles which are similar to naked ZnO, whereas when chitosan is added after

KOH some curcumin are already conjugated with Zn(Cur)O.
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Figure 16 (A) UV-Visible and (B) fluorescence of Zn(Cur)O without chitosan and
Zn(Cur)O coated with chitosan in 3 different ways.

65



Furthermore, as it is noticed from the XRD same characteristic peaks were
obtained in all cases compared to the Zn(Cur)O prepared without chitosan (See Figure 17).
The relative characteristics peak are 31.63°, 34.45°, 36.32°, 47.45°, 56.66°, 63.02°, 67.87°
and 69.25°. This means that the addition of chitosan did not alter the crystallinity of

Zn(Cur)O NPs.

Before Reflux
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Before KOH

After KOH

7 S

without chitosan

Figure 17 X-Ray diffractogram of curcumin and Zn(Cur)O NPs prepared in the absence

and presence of chitosan polymer.

As for TGA, it is well noticed that less than 10% of mass loss was occurred when
adding chitosan, compared to the NPs prepared without chitosan. This confirms the role of
chitosan as a coating layer increasing the stability of the formed nanoparticles (See Figure

18).
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Figure 18 TGA analysis of curcumin and Zn(Cur)O NPs prepared in the absence and
presence of chitosan polymer.

To sum up, since no remarkable difference was obtained in XRD and UV-Visible
absorption between the three different ways of adding the polymer, chitosan added after
KOH will be considered in the applications since it has greater amount of curcumin
conjugation (highest fluorescence intensity was obtained).

The final zinc curcumin oxide nanoparticles in absence and presence of chitosan
were characterized through SEM to identify their shape. The SEM images are presented in

Figure 19A&B.
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Figure 19 (A) SEM image of Zn(Cur)O NPs and (B) SEM image of Zn(Cur)O NPs coated
with chitosan.

Interestingly, spheres NPs were obtained in both cases verifying the role of chitosan

as a stabilizing agent and does not affect the composition and the shape of Zn(Cur)O NPs.

D. Conclusion

In conclusion, Zn(Cur)O NPs were synthesized through a simple method in the
presence of curcumin. It was found that the flow rate of KOH has a significant effect on the
formation of Zn(Cur)O NPs. In addition, the use of curcumin has induced the formation of
Zn(Cur)O NPs at pH=13 and at 80°C. Furthermore, the stability of these NPs was increased

when coating the formed NPs with chitosan.
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CHAPTER IV
ANTI-CANCER ACTIVITY OF ZINC CURCUMIN OXIDE
NANOPARTICLES: INHIBITION OF BREAST AND

PANCREATIC CANCER CELLS PROLIFERATION

A. Introduction

Cancer is a disease that represents an extremely heterogeneous complex. It
involves a variety of disorders accompanied by uncontrolled and abnormal cell growth and
proliferation [91], [92]. Additionally, 200 types of cancer are present all around the world
[93].

Breast cancer is extremely heterogeneous surrounding a group of genetically and
epigenetically distinct infections showing various medical features [94].

Many human breast cancer cell lines, recognized from metastatic breast
cancer specimens, are accessible through the American Type Culture Collection (ATCC).
MCEF-7 cancer cell line is the most studied. MCF-7 are an estrogen receptor (ER)-positive
cell line derived from a pleural effusion in a patient with breast cancer [95].

Pancreatic adenocarcinoma (PA) is an aggressive disease that develops in a
relatively symptom-free manner and is usually advanced at the time of diagnosis. Capan-1
is a human pancreatic ductal adenocarcinoma cell line. These cells grow in adherent tissue

culture and display epithelial morphology [96].
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Usually, the treatment of cancer could take place in four ways. First, cancer could
be removed by surgery if it is present in one area, chemotherapy could be applied as well,
radiation is the third way, and the last one refers to therapy using hormones [97]. Several
side effects could be observed when anticancer agents are utilized due to the lack of
specific targets, causing poor drug delivery.

Accordingly, nanotechnology has been taken into consideration because of the
excessive progress of the drug delivery systems [98], [99].

Generally, nanotechnologies are spread in the market. Nanoscale particle size are
synthesized such as coatings, fibers, and so on [100].

Curcumin has been widely used as anticancer agent in various studies against
melanoma [101] for example, colon [102], breast [103]-[105], pancreatic [106], head [107],
prostate [108], ovarian and neck [109] cancer cells.

Unfortunately, curcumin has low bioavailability and water solubility, so it is
quickly metabolized and excreted out of the body [60]. That is why, curcumin will be
complexed with ZnO NPs in order to correct these limitations and enhance its anticancer
activity.

Zn(Cur)O NPs are widely investigated because of their photo-oxidizing and
photocatalytic capabilities against chemical and biological species. Additionally, the US
Food and Drug Administration pointed out the safety of ZnO NPs [110].

The purpose of our study is to evaluate and prove the efficiency of Zn(Cur)O NPs
with and without chitosan as anti-cancer agent. The study was done on two different type of

cancer cells: Capan-1 (pancreatic cancer cell) and MCF-7 (breast cancer cell).
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B. Methods of preparation

1. Culture of MCF-7 and Capan-1 cancer cells
MCF-7 and Capan-1 cells were cultured in a completed DMEM high glucose
media, where 10% FBS, 1% penicillin/streptomycin were added to free DMEM high
glucose. MCF-7 and Capan-1 cells were cultured in a 10 mm petri dish and kept at 37°C in
an incubator with a humidified atmosphere containing 95% O and 5% CO; until they

reached 80-90% confluency.

2. Cytotoxicity study by MTT proliferation assay
After treating the cells with curcumin, ZnO, chitosan, Zn(Cur)O and Zn(cur)O-

Chi; MTT assay was used to measure the cell activity. MCF-7 and Capan-1 cells were
seeded at a density of 5000 cells per well in 96-well plates. At 30% confluence, cells were
subject to a concentration equal to 22 uM for the different treatment. After 24, 48 and 72,
hours, 1mg/mL of MTT was added to the cells and kept for 1 hour incubated at 37°C. Later
on, the media with the MTT were eliminating from the 96-well plate and DMSO was added
in order to solubilize the formazan crystals. ELISA microplate reader, Thermo/LabSystems
352 Multiskan MS, was used to read the plates at a wavelength of 595 nm.

An example of the MTT assay is illustrated in Figure 20.
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Figure 20 MTT assay for cell analysis.

C. Results and discussion

1. Cytotoxicity of curcumin against MCF-7 and Capan-1 cells
MTT proliferation assay was used to measure cytotoxicity of curcumin on MCF-7
and Capan-1 cells.
The half maximal inhibitory concentration (I1Cso) is a measure of the potency of a

matter in preventing a specific biological or biochemical function. ICs is a numerical
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measure that specifies how much of a particular inhibitory substance, as a drug, is needed
to inhibit a specified biological development or biological element by 50% [111].

The cancerous cell lines were exposed to different concentration of curcumin for
48 hours. As shown in Figure 21, curcumin inhibits the proliferation of MCF-7 and Capan-
1 cells up to 50% after 48 hours treatment. Hence, the 1Cso of curcumin was found to be
equal to ~22 uM and ~20 uM for MCF-7 and Capan-1 respectively.

These values were similar to the values obtained in the literature. The 1Cso of
curcumin was estimated to be equal to 21.32 uM and 19.6 uM after treatment for 48 hours

for MCF-7 [112] and Capan-1 cells lines [113].
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Figure 21 Curcumin cytotoxicity effect against MCF-7 and Capan-1 cell lines.
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2. Cytotoxicity of Chitosan, ZnO, Curcumin, Zn(Cur)O, and Zn(Cur)O-Chi against
MCF-7 and Capan-1 cells

Based on the 1Cso concentration of curcumin that inhibits 50% of the cell
proliferation, the cancerous cells were treated with the same concentration using ZnO,
Zn(Cur)0O, Zn(Cur)O-Chi and chitosan alone. The treatment was done for 48 and 72 hours.
As presented in Figure 22, chitosan had no significant effect on the cell inhibition of MCF-
7 cancer cells for a concentration equal to 22 uM (2 ug/mL) after 48 and 72 hours. When
treated with zinc oxide nanoparticles, ~40 % inhibition was observed, after 72 hours.
Compared to a study done by Kavithaa et al. [114] that has shown 50% inhibition when
using 10 ug/mL of zinc oxide nanorods, verifies in the first place the efficiency of our ZnO
NPs when using small amount for treatment.

Thus, the use of Zn(Cur)O NPs and Zn(Cur)O-Chi NPs enhances strongly the
inhibition of MCF-7 cancer cells. Hence, when treated with 22 uM (2 ug/mL) of Zn(Cur)O
NPs and Zn(cur)O-Chi NPs, the inhibition proliferation was up to 60% after 48 hours.

Therefore, a remarkable inhibition proliferation was observed after 72 hours when
treated with Zn(Cur)O-Chi NPs, where ~90% inhibition was obtained. Yet, after the same
treatment duration using Zn(Cur)O NPs alone, ~82% inhibition was determined. This
difference in the value is related to the presence of chitosan, where chitosan helps curcumin

in specifying its target.
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Figure 22 Cytotoxicity effect of different treatment against MCF-7 cell lines.

Similarly, Zn(Cur)O-Chi NPs have shown a good potential against Capan-1
cancerous cells (See Figure 23). More than 85% of the cancerous cells were inhibited when

using 2 ng/mL of Zn(Cur)O-Chi NPs after 48 hours. Furthermore, 95% where inhibited

after 72 hours.
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Figure 23 Cytotoxicity effect of different treatment against Capan-1 cell lines.

Thus, Zn(Cur)O NPs have acted also as a suitable anti-cancer agent, where after
72 hours the % of inhibition proliferation was equal to ~80%.

As seen in both graphs, Zn(Cur)O-Chi NPs have shown a high efficiency towards
the cancerous cell line. Meaning that, the complexation of curcumin with zinc oxide
nanoparticles, in the presence of chitosan, could be used as a potential anticancer agent

against various cancer types.

The efficacy of our nanoparticles compared to other anti-cancer agent is depicted

in Table 2.
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Cell Type Anti-cancer agent Concentration : v . Reference
proliferation
FA-MTX conjugated

- | AU@SIO> NPs | 25 pg/mL 45 % [115]

Liposomal curcumin 10 pg/mL 30 % [116]
Zn(Cur)O-Chi NPs 2 ng/mL 60 % Our work

GA-MNP-Fe304 NPs 20 pg/mL 55 % [117]

Capan-1 Liposomal curcumin 10 pg/mL 60 % [118]
Zn(Cur)O-Chi NPs 2 ng/mL 80 % Our work

Table 2 Anti-cancer activity of different agent on MCF-7 and Capan-1 cancer cell lines.

D. Conclusion

Curcumin alone has shown ~50% inhibition of MCF-7 and Capan-1 cancer cells
proliferation, after 48 hours when treated with 22 uM. As for zinc oxide nanoparticles only
~40% were inhibited. Therefore, the combination of zinc oxide nanoparticles and curcumin
enhanced the cytotoxicity of curcumin against both cancerous cells. Moreover, adding
chitosan to the system increases the % of proliferation inhibition and therefore it could be

used as vehicles system for the potential treatment of cancer.
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CHAPTER V

CHITOSAN COATED ZINC CURCUMIN OXIDE

NANOPARTICLES FOR THE DETERMINATION OF

ASCORBIC ACID

A. Introduction

Ascorbic acid (AA), an essential food supplement, is present significantly in fresh
fruits and vegetables, like broccoli for example, in the form of vitamin C. In addition, it is
found in beverages because of its nutritional importance and antioxidant activity.

Unfortunately, degradation of ascorbic acid could occur quickly due to many
environmental factors such as the solvent used, the pH, the temperature of the environment,
the pressure, the light, and the presence of oxygen or metal ions [119], [120]. This might
lead to an obvious change in the color or in the quality of the drinks [119].

Ascorbic acid is water-soluble and is used extensively in pharmaceutical and
cosmetic products, as well as in human diet. Therefore, its detection in food and
pharmaceutical products through simple methods has gained an increased importance.

Up till now, several techniques have been applied including electrochemistry,
chromatography, enzymology, titration with an oxidizing agent, spectrophotometry,
colorimetry, capillary electrophoresis, and chemiluminescence.

However, these methods are high cost, time-consuming, and suffer from complex

sample handling, thus making it problematic to use them [121]-[123]. Spectrophotometry,
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for example, is limited by other substances that may possibly interfere when this technique
is applied to tissues or food [123]. Even though the electrochemical technique is easy,
selective, and sensitive for the quantification of ascorbic acid, the electro-oxidation of AA
and the adsorption onto the bare electrode surface requires overvoltage, leading to a poor
selectivity and reproducibility due to electrode fooling.

Consequently, nanomaterials are used as electrode modifiers in order to enhance
the signal of the electrochemical biosensors and to increase the range of detection. In a
recent study, copper sulfide/Prussian blue core-shell nanostructures drop-coated on a glassy
carbon electrode were used as a sensor for the detection of ascorbic acid in beverages [122].
In another study, ascorbic acid was sensed and quantified in a colorimetric manner. It can
reduce the oxidized form of TMB, 3,3°,5,5’-tetramethylbenzidine, thus making the blue
color present initially, meaning in the absence of AA, fade gradually [124].

Despite the presence of numerous methods for the detection of vitamin C,
developing a low-cost, easy, rapid and sensitive technique is essential in both
pharmaceutical and nutritional fields. Accordingly, fluorescence spectroscopy was an ideal
choice for sensing due to its easiness, simplicity, and high accuracy in detection even at low
concentrations with high sensitivity as well as high selectivity [125].

Hence, metallic nanoparticles, such as gold [126], silver [127], and copper
nanoparticles [128], were recently used to detect AA. However, it was necessary to adapt
cheaper, and feasible new nanoparticles for this purpose.

In this study, Zn(Cur)O NPs were established as nanoprobe in order to detect

ascorbic acid using fluorescence technique. Finally, a comparison of the efficiency in
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detecting AA between ZnO alone, Zn(Cur)O, and Zn(Cur)O coated with chitosan

Zn(Cur)O-Chi will be performed.

B. Methods of preparation

1. Sample for ascorbic acid detection
A stock solution of 25 mmol.L™ (mM) ascorbic acid was prepared by dissolving it
in 10 mL of double distilled water. Several solutions were prepared with concentrations in
the range of 0 to 10 mM (See Figure 24).
A stock solution of Zn(cur)O-Chi NPs was prepared by dissolving 1 mg in 5 mL
of double distilled water. 0.2 mL of Zn(Cur)O-Chi NPs were added to the different
concentration of AA and completed with double distilled water to get a final volume equal

to 3 mL.

Increasing in the ascorbic acid concentration (mM)
0 ’0.05 0.1 03 05 07 09 1 5

| Emission spectrum
1-Add 0.2 mL of Zn(Cur)O-Chi ot hex=42S nm

2- Complete with double distilled °
water to 3mL

Figure 24 Scheme illustrating the preparation of AA samples.

2. Selectivity towards nanoprobe
Two stock of ZnO and Zn(Cur)O nanoparticles were prepared by dissolving 1 mg
in 5 mL of double distilled water. The samples were prepared exactly the same way

prepared when using Zn(Cur)O-Chi mixed with ascorbic acid.
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3. Selectivity towards interference
As per investigating the interference, several analytes as L-ascorbic acid, uric acid,
glucose, cholesterol and glutathione were measured at a concentration equal to 10 mM and

mixed with 0.2 mL of Zn(Cur)O-Chi NPs.

4. Recovery of the method
To test the applicability, the present method was used to estimate the analytical

recovery of three unknown samples by using the obtained fitted calibration curves.

5. Photostability of Zn(Cur)O-Chi NPs
Two distinctive solutions were prepared to test their stability. At the beginning, 0.2
mL of Zn(Cur)O-Chi NPs were dropped into a vial and completed with double distilled
water till 3 mL. In a second vial same volume of Zn(Cur)O-Chi NPs was mixed with
ascorbic acid and finalized with double distilled water. The two solutions were kept
undisturbed for 5 hours and then the emission intensity was measured for 1 hour in interval

of 10 minutes.
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C. Results and discussion

1. Interaction of ascorbic acid with Zn(Cur)O-Chi NPs

Zinc oxide nanoparticles are very useful as chemical and biological sensors for a
diverse and widespread range of compounds due to their thermal stability, high surface
area, wide band gap, biocompatible nature, and superior response as well [129].

For this purpose, the prepared Zn(Cur)O and Zn(Cur)O-Chi were used as
nanoprobe to detect ascorbic acid. The efficiency of those nanoparticles was compared to
the activity of ZnO NPs alone without any modifications.

The sensing of AA was done for a concentration range going from 0 to 10 mM. As
shown in Figure 25, the emission intensity of Zn(Cur)O-Chi increases with the addition of
ascorbic acid. This enhancement is also conducted with a blue shift from 567 nm to 552
nm. This boost in the intensity is due to the ionic interactions between the amino groups of
chitosan with the hydroxyl functional group of ascorbic acid. Hence, the complex formed
Zn(Cur)O-Chi-AA becomes more soluble based on the enhancement of the hydrophilic

properties.
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Figure 25 Change in the emission intensity of Zn(Cur)O-Chi NPs with the increase of
ascorbic acid concentration.

According to Tian et al., ascorbic acid molecule contains different electrophilic
groups. It contains four hydroxyl groups with different acidity allowing in consequence
different acid-base reaction. Therefore, the acidic hydroxyl in position 3 of AA is expected
to react with the amino group of chitosan, inducing the formation of ammonium ions (See
Figure 26). Thus, ammonium ions increase the solubility of the complex and thereby cause

the enhancement of the emission intensity [130].
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Figure 26 Scheme illustrating the interaction between chitosan and ascorbic acid.

The enhancement of the intensity ratio (Log(l/1o)) versus the concentration of

ascorbic acid was depicted in Figure 27A&B, for 2 concentration ranges, from 0 to 0.3 mM

and from 0.5 to 10 mM. The linear equations for the two concentration ranges are Al=

0.42034[AA] + 0.769944 with a correlation coefficient of 0.99753 and Al= 0.02737[AA] +

0.58123 with a correlation coefficient of 0.99187.
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Figure 27 (A) and (B) Linear fit of the proposed method in the range 0-0.3 and 0.5-10 mM

respectively.

The limit of detection is found to be 36 uM referring to 3o/s, where o is the

standard deviation of the measurements and s is the slope of the calibration curve.
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The interaction of Zn(Cur)O-Chi NPs with ascorbic acid was also verified through
zeta potential analysis. In fact, the surface charge of the NPs in the absence of ascorbic acid
was equal to -5.1 mV. The charge of the surface increases to -1.61 mV upon the addition of
ascorbic acid. This change in the surface charge reveals the presence of more positive

species, which are related to ammonium ions (See Figure 28A&B).

Figure 28 (A) zeta potential value of Zn(Cur)O NPs and (B) zeta potential value of
Zn(Cur)O-Chi NPs.

Our fluorescence method resulted in a comparable linear range and limit of
detection to those previously reported methods. Several linear ranges and detection limits
of different techniques used by other researchers for the detection of ascorbic acid were

established in Table 3.
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with chitosan

alanine, guanine,
tyrosine

Sensing technique Range LOD Interference Reference
o malic acid, tartaric
Chemiluminescence acid. succinic acid
method using Mg-Al- 5 nM - 5000 0.5 nM m,alonic acid ’ [131]
COs3 LDHs-catalyzed nM ' lucose sucros,e
ONOOH glucose, !
fructose
Colorimetric method Sltsggzéfrslﬁ%?é
based on Metal- tagrtaric acid, lysine
Organic Framework- i rosir’ley '
Derived copper 10uM—-1mM | 1.41 uM Yrosine, [128]
; phenylamine,
Nanoparticle@Carbon .
i aspartic acid,
Nanocomposites as alanine. alutamic
Peroxidase Mimics ' 9
acid
Colorimetric method 50.0"“”? acetate,
acetic acid, glycine,
based on carbon threonine, lysine
quantum do_ts as 1uM-105puM | 0.14 uM histidine, alanine. [132]
peroxidase mimetic o
enzvme tartaric acid,
y benzoic acid.
. fructose, lactose,
Electrochemical
. . glucose, sucrose,
technique using a A
glutamic acid,
CdO 0.07 uM - 480 alanine
nanoparticle/ionic el 0.03 uM . [133]
. - uM phenylalanine,
liqguid modified o !
methionine, glycine,
carbon paste electrode ) 2
valine, histidine,
as sensor .
cysteine.
L-ascorbic acid,
Fluorescence lucose, uric acid
emission using zinc | 0 mM - 0.3 mM g cholésterol '
curcumin oxide 0.5mM - 10 36 uM : ' Our work
. glutathione, lysine,
nanoparticles coated mM

Table 3 Different techniques used for the detection of Ascorbic acid.

2. Selectivity towards nanoprobe

Moreover, The selectivity of Zn(Cur)O-Chi towards the sensing of ascorbic acid

was established in the first place by using ZnO and Zn(Cur)O instead of Zn(Cur)O-Chi.
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Figure 29 shows the ratio of the emission intensity 1/1o when using ZnO and Zn(Cur)O as

nanoprobe versus the concentration of ascorbic acid.

0 2 4 6 8 10
[Ascorbic Acid] mM

Figure 29 Selectivity of Zn(Cur)O-Chi NPs towards the detection of ascorbic acid
compared to ZnO NPs and Zn(Cur)O NPs.

It is clear that ZnO NPs did not show any obvious change in the emission intensity
while increasing gradually the concentration of ascorbic acid at 425 nm excitation
wavelength. However, Zn(Cur)O and Zn(Cur)O-Chi showed an increase in the emission
intensity spectrum upon the addition of ascorbic acid. Thus, the enhancement of the
emission intensity using Zn(Cur)O-Chi was about ~ 5 fold, although it was ~ 2.8 fold when
using Zn(Cur)O alone.

These results confirm the direct interaction of chitosan layer with ascorbic acid

molecule resulting in the formation of a highly soluble complex.
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3. Selectivity towards interference
The selectivity of Zn(Cur)O-Chi towards the detection of ascorbic acid was also
investigated while detecting different analogues of AA that could interfere. For this
purpose, different analytes at a concentration equal to 10 mM were analyzed using

Zn(Cur)O-Chi.

Il 2 (cur)O-Chi
B ~scorbic Acid
L-ascorbic Aic
B Glucose

Uric Acid
B2 cholesterol
Glutathione

EZ L ysine
Hl A anine
B Guanine
B Tyrosine

Analytes

Figure 30 1/l of Zn(Cur)O-Chi NPs alone and of Zn(Cur)O-Chi NPs with different
analogues at C= 10 mM.

It is remarkable from Figure 30 that none of the tested analytes (glucose, uric acid,
cholesterol, glutathione, lysine, alanine, guanine, and tyrosine) had altered the emission
intensity of Zn(Cur)O-Chi where the ratio of 1/lo was equal to 1. As for L-ascorbic acid,
the ratio of the emission intensity 1/lo was almost equal to 2. This is due to the fact that L-
ascorbic acid is an ester formed from ascorbic acid and palmitic acid creating a fat soluble

form of vitamin C. Consequently, L-ascorbic acid is slightly soluble in water, thereby
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making its interaction with chitosan difficult. These selectivity results confirm the direct

interaction between Zn(Cur)O-Chi and ascorbic acid molecule.

4. Recovery of the method

The recovery of the proposed method was studied by testing 3 unknown samples.

The results obtained are summarized in Table 4. The percent of ascorbic acid recovery of

our method was found to be between 94-100% + 2.5 (mean £ S.D) which is quite

acceptable.
Theoretical Experimental Recovery
Concentration (mM) | concentration (UM) (%)
Unknown 1 0.2 0.0188 94
Unknown 2 0.8 0.805 100.6
Unknown 3 9 8.85 98.3

Table 4 Recovery results of the proposed method.

5. Photostability of Zn(Cur)O-Chi NPs

Finally, the photostability of Zn(Cur)O-Chi in the presence and absence of

ascorbic acid is illustrated in Figure 31.
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Figure 31 Plot of 1/lo of Zn(Cur)O-Chi NPs with time in the absence and presence of AA.

It was found that when the emission intensity of Zn(Cur)O-Chi was recorded in
the absence and presence of ascorbic acid for one hour, the signal was found to be
remarkably stable indicating that the current sensor is relatively stable during measurement

time.

D. Conclusion

Zinc curcumin oxide nanoparticles have shown a great nanoprobe for the detection
of ascorbic acid in the presence of chitosan. The presence of chitosan encourages the direct
interaction of the hydroxyl group of AA with the amino group of chitosan. Although no
change in the emission intensity was observed using ZnO NPs alone, Zn(Cur)O NPs were

able to detect AA but not as efficiently as Zn(Cur)O-Chi NPs. The method used was
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selective and sensitive towards the detection of AA using Zn(Cur)O-Chi NPs as nanoprobe.
The recovery of the method was found to be between 94 and 100% and the limit of

detection was 36 puM.
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CHAPTER VI

KINETICS AND ISOTHERMS STUDY OF CONGO RED

ADSORPTION: ZINC CURCUMIN OXIDE NANOPARTICLES

AS AN EFFICIENT ADSORBENT COMPLEX

A. Introduction

Synthetic dyes present in wastewater have the potential to threaten the natural
environment. During the dyeing process, they can be released as wastes. They could be
eliminated from paper, printing, plastic, cosmetic, or leather industries. Due to their
complex structures, these dyes effluents are not susceptible for biological wastewater
treatment. Thus, they are not biodegradable [134]. One of these toxic organic dyes is congo
red. Congo red is one of the relevant organic dyes that is found in water. It is a secondary
diazo dye with a complex aromatic structure that makes it non-biodegradable and fairly
stable. Congo red can be easily dissolved in water, inducing several difficulties when
removing from contaminated water. It is as well toxic and carcinogenic, and it affects the
eyes, skin, respiratory, and reproductive systems [135]. It is an anionic dye with a pka of
4.5. It can cause allergies and metabolize into benzidine that is mutagenic to aquatic
creatures and carcinogenic at the same time [136]. Consequently, several methods such as

oxidation, ion exchange, coagulation, adsorption, precipitation, and liquid-liquid extraction
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have been used to take out the toxic organic dyes from wastewater. Among these methods,
adsorption is considered as a successful separation technique.

Zinc curcumin oxide nanoparticles were applicable in different field. For example
in 2016, Moussawi et al. have produced Zn(Cur)O NPs and have studied their adsorption
and fluorescence sensing potential on arsenite [87], and its effect of the removal of
Perylene, Fluoranthene, and Chrysene [44]. In addition, Nasrallah et al. have established
the Scavenging Activity of Zn(Cur)O NPs based on DPPH molecule [46].

Usually curcumin helps in the reduction of organic dyes when combined to metal
oxide nanoparticles [73], [137]. We assume that curcumin could have same effects when it
is conjugated to zinc oxide nanoparticles and leads to an enhancement in its adsorption
activity. To the best of our knowledge, the efficiency of zinc curcumin oxide nanoparticles
is not yet elaborated as a suitable adsorbent for the removal of organic dye.

In our work, the adsorption of congo red was established and conducted at
different concentrations of Zn(Cur)O NPs and different concentrations of congo red. The
effectiveness of Zn(Cur)O NPs as adsorbent was compared by analyzing the effect of ZnO

NPs and Zn(Cur)O-Chi NPs.

B. Methods of preparation

For each adsorption experiment, 1 mg of ZnO NPs, Zn(Cur)O NPs, Zn(Cur)O-Chi
NPs was dissolved in 1 mL heated double distilled water and sonicated for one minute to
assure complete dissociation of Zn(Cur)O NPs. Congo red solution (C=1 mM) was

prepared by dissolving 3.48 mg of this dye in 5 mL double distilled water (See Figure 32).
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Figure 32 Scheme illustrating the preparation of adsorption sample.

In order to make sure that maximum adsorption of the dye onto the surface of the
nanoparticles is attained; stirring effect, the adsorbent dose and congo red concentration
were varied.

e Inthe first place, the experiment was carried out in the absence of stirring, then with
stirring at 400 rpm and finally using shaker under 400 rpm.

e Inthe second place, a fixed amount of congo red (45 uL, 15 uM) was added to
different mass of Zn(Cur)O NPs adsorbent (0.05-0.9 mg).

e Inthe 3rd place, the concentration of congo red was varied from 5 to 100 uM while
the adsorbent dose remained fixed (0.9 mg).

In all the experiments the total volume was kept constant and equal to 3 mL. The
analysis and the adsorption kinetics was monitored through UV-Visible spectrophotometer

at different time intervals (t=0, 5, 10, 20, 30, 40, 60, 80, 110 mins, and after 24 hours).
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C. Results and discussion

1. Adsorption of congo red
After mixing 150 pL of ZnO, Zn(Cur)0O, and Zn(Cur)O-Chitosan NPs, with 45 uL

(15 nM) of congo red organic dye and 2.8 mL of double distilled water, the absorbance was
measured using UV-Visible spectrophotometer. The experiment was done at different
intervals of time (t=0, 5, 10, 20, 30, 40, 60, 80, 110 mins, and 24 hours).

Figure 33 presents the UV-Visible spectrum of Zn(Cur)O with congo red within

time.
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Figure 33 UV-Visible spectra of Zn(Cur)O with congo red within time.

As observed in Figure 33, a decrease in the absorbance was obtained within time.

The adsorption capacity was calculated based on the equation below:

_ (Co=Ce)V
m

Qe (1)
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where Coand Ce are the initial concentration and the equilibrium concentration of congo red

respectively (mg/L), V is the volume of the solution (mL) and m is the mass of Zn(Cur)O

NPs (). It was found that the ge in this case was equal to 89.85 mg/g which is relatively

high compared to previous method used in the literature (See Table 5).

Concentration | Concentration | yinetic | %
Adsorbent | of adsorbent | of Congo Red order (exp) | R? | Reference
(g/L) (mg/L) (mg/g)
Mesoporous Pseudo-
a-Fe>0s 1 20 second 18.7 | 0.99 [138]
nanorods order
Porous Pseudo-
soybean curd 1.25 40 second | 27.46 | 0.99 [139]
xerogels order
Activated Pseudo-
carbon coffee 4 20 second 9.41 | 0.99 [140]
waste order
Pseudo-
Zn(CunO 0.15 11.15 second | 89.85 | 0.99 | Our work
order

Table 5 Different methods used in the removal of congo red.

The high adsorption capacity was also confirmed visually. After 24 hours, the

solution color turned from dark red to almost transparent, where the congo red and the zinc

curcumin oxide nanoparticles settled down. This precipitation indicates that all the congo

red molecules have been adsorbed.
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2. Effect of stirring
Furthermore, the effect of stirring was also investigated. For this purpose, in a first
place the experiment was done without stirring, and in a second place the mixtures were
kept under stirring during measurement at 400 rpm and using water bath shaker at 400 rpm
also. As depicted in Figure 34, A/Ao ratio decreases faster in the absence of stirring.
Meaning that, the high adsorption was obtained when the reaction occurred without

stirring.

=@ = Without stirring
=@® = With stirring
Shaker

AlAp

0 200 400 600 800 1000 1200 1400
Time (minutes)

Figure 34 A/Ao for Zn(Cur)O with congo red without/with stirring and using shaker.

The ge value in the three cases was equal to 89.85 mg/g, 8.66 mg/g, 5.30 mg/g
without stirring, with stirring and using shaker respectively. Hence, the adsorption capacity
was found to be higher when keeping the solution undisturbed, meaning that congo red

molecule can be easily adsorbed on the surface of Zn(Cur)O.
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3. Efficiency of Zn(Cur)O NPs in the adsorption process
Moreover to establish the efficiency of Zn(Cur)O NPs as adsorbent of congo red,
the adsorption study was done using ZnO NPs and Zn(Cur)O-Chitosan.
In order to understand the adsorption kinetics of the three adsorbents, the pseudo-
first order and pseudo-second order kinetic models were plotted using the following
equations respectively:

ln(qe - qt) = ln(qe) — kgt (2)

t 1 1
LI 3
ac  koqe’  ge (3)

where ¢ and ge are the adsorption capacity at time t and at equilibrium respectively (mg/g),
t is the time (min), ki is the rate constant of the pseudo-first order model (min™), and k2 is
the rate constant of the pseudo-second order model (g.mg™.min™).

Congo red adsorption was presented for the pseudo-first order and pseudo-second

order in Figure 35A&B respectively.
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Figure 35 (A) pseudo first order kinetic model and (B) pseudo second order kinetic model
for Zn(Cur)O in the presence of congo red.
A linear curve was obtained for the pseudo-first order model where the values of
ge and ki are calculated from the intercept and slope, respectively. Similarly, a linear curve
was obtained for the pseudo-second order model where ge is calculated from the slope and

ko from the intercept (See Table 6).
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Adsorbent Pseudo-first order Pseudo-second order (calc)
ge (exp) k1 R? | ge (exp) k2 R? e
Zno 3556 | 02310 1074 | 4778 | #2710 099 | 4635
zncur)o | 6826 | 28910 1 oee| s9ss | 2L | 099 | 8770
Z”(g‘ﬁpo' 7760 | 30 60| 7306 | 09910 599 | 72.04

Table 6 Kinetic parameters of the pseudo-first order and pseudo-second order models.

Based on the collected information, a remarkable difference in the R? values was
obtained for the R? value, where it was higher when fitting with the pseudo second order.
Furthermore, the experimental adsorption capacity values of the pseudo-second order
kinetic model were closer to the calculated value of ge for the three types of adsorbents,
confirming that the process follows second order kinetics. Same results were obtained with
Madan et al. and Pratiwi et al. [135], [141].

Comparing the values of qe, it could be noticed that the highest adsorption was
obtained when using Zn(Cur)O. This could be explained by the interaction between congo
red and curcumin which is masked by chitosan polymer in Zn(Cur)O-Chitosan NPs, and

not present at all in ZnO NPs.

4. Optimization of the adsorption process
The adsorption study was done at 2 initial stages: first of all, the dose of the
adsorbent was optimized and secondly the concentration of congo red was varied. As a

general overview, after 24 hours the solution color went from red to almost transparent, and
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the congo red molecule adsorbed on the surface of the zinc curcumin oxide nanoparticles

settled down, verifying by this the successful adsorption of congo red.

i Effect of adsorbent dosage

The adsorption process of Congo red organic dye was studied by varying the
Zn(Cur)O NPs dosage from 0.05 to 0.9 mg. In fact, increasing the amount of the adsorbent
will increase the number of available adsorption sites on its surface, thus leading to an
increase in the adsorption capacity.

As illustrated in Figure 36, the increase in the adsorbent amount improves the

adsorption of congo red and enhances the adsorption capacity de.
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Figure 36 Adsorption capacity e for different dose of Zn(Cur)O NPs.
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The adsorption capacity was found to be between 70.27 and 104.31 mg/g when
varying the Zn(Cur)O NPs dose from 0.05 to 0.9 mg. Thus, the adsorbent dose and the
adsorption capacity are directly proportional with a ge equal to 104.31 mg/g when the dose
used was 0.9 mg. This is due to the enhancement in the number of available sites for

adsorption on the surface of Zn(Cur)O NPs.

ii. Effect of dye concentration

The concentration of congo red was varied in order to determine its effect on the
adsorption capacity. At a fixed adsorbent amount of 0.9 mg, the dye concentration was
changed in a range of 5-100 uM. This was established to determine the maximum
adsorption capacity of the synthesized nanoparticles. As shown in Figure 37, the adsorption
capacity decreases with the increase of the dye concentration. The adsorption capacity ge
clearly decreases from 110.13 to 67.07 mg/g when the dye concentration increases from 5

t0 100 puM.
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Figure 37 Adsorption capacity ge for different concentrations of congo red.

This is due to the fact that at low concentration of congo red (below 25 uM), the
dye molecules have the ability to get adsorbed easier onto the surface of Zn(Cur)O NPs,
leading to higher adsorption capacity, until equilibrium is reached. It is also remarkable that
at high concentration of the organic dye, the adsorption capacity is high enough, proving
the efficiency of Zn(Cur)O NPs as adsorbent.

In other words, after adsorbing a particular amount of the organic dye, the
adsorption sites on the surface of the adsorbent will become saturated. Accordingly, 5 uM
of congo red is completely adsorbed onto the surface of the created nanoparticles, with a

maximum adsorption capacity gm of 110.13 mg/g.
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5. Kinetic study
The study of adsorption kinetics of congo red dye onto the surface of Zn(Cur)O
NPs was established at a congo red concentration of 15 uM and adsorbent dose of 0.9 mg.
The kinetic studies of the adsorption process for the pseudo-first and pseudo-

second orders are shown in Figure 38A&B respectively.
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Figure 38 Congo red adsorption in (A) pseudo first order kinetic model and (B) pseudo
second order kinetic model.

For the pseudo-first order kinetic model, a linear curve was obtained where the
values of k1 and ge are calculated from the slope and the intercept, respectively. Likewise,
for the pseudo-second order kinetic model, a linear curve was gotten where k> is calculated
from the intercept and g. from the slope (See Table 7). According to the computed data, a
notable difference was remarked in the R? values for the two kinetic models, with the
pseudo-second order having the greater value (R>=0.99993>R?=0.91122).

Besides, the adsorption capacity that was found experimentally (104.31 mg/g) was
closer to the calculated adsorption capacity in the pseudo-second order Kinetic model
(104.91 mg/qg), ensuring by that the pseudo-second order kinetics followed by the

adsorption process. By pseudo-second order we mean that the adsorption is done by
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chemisorption process including sharing of electrons between the dye sorbate and

nanoparticles adsorbent. This was also proven by Zhu et al. and Madan et al. [135], [142].

Pseudo-first order Pseudo-second order
e k2 e (calc
Adsorbent ge (exp) k1l ) a . ) 9 (calc)
R (exp) | (g9-mg™. R (mg/g)

(mg/g) (min~) (mg/g) | minY)

Zn(Cur)O 0.9112
67.25 1.19*10% 104.31 | 9.10*10* | 0.99993 | 104.91

NPs 2

Table 7 Fitting results for pseudo first and pseudo second order kinetics analysis.

6. Adsorption isotherms study
The adsorption capacity is demonstrated in the isothermal study for several congo
red organic dye concentrations at a fixed dosage of Zn(Cur)O NPs adsorbent equal to 0.9
mg. Freundlich and Langmuir models are the two most commonly used isotherms.
Freundlich isotherm proposes that the adsorption happens in a multi-layer manner.
Meaning that the adsorbent has unlimited number of adsorption sites on its surface with
dissimilar energies, and the mechanism is heterogeneous. It is represented by the following
equation:
In(qe) = In(K) + = In(Co) (4)
where Ks is the Freundlich constant that signifies the adsorption capacity (amount of dye

adsorbed), % is also a Freundlich constant that represents the intensity of adsorption. It is
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plotted linearly, In(ge) vs. In(Cy), as presented in Figure 39A. Krand % can be calculated

from the intercept and slope, respectively.

@ Congored
= |_jnear fit

-1.5-1.0-0.50.00.51.01520253.0354.045
InC
e

Figure 39A The Freundlich isotherm model.

As for Langmuir isotherm, the surface of the adsorbent contains limited adsorption
sites with equal energies, where only one dye could be adsorbed on each site. Monolayer
adsorption is carried out with a homogenous mechanism. It is illustrated using the

following equation:

Ce _ 1 Le

de  am Kt am )

where gm is the maximum adsorption capacity (mg/g) and K is the Langmuir constant that

corresponds to the energy of adsorption. They could be obtained from slope and the

intercept respectively when % is plotted against C. (See Figure 39B).
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Figure 39B The Langmuir isotherm model.

According to the results obtained, it could be confirmed that congo red adsorption
on Zn(Cur)O NPs follows the Langmuir isotherm. It has a much higher R? value than that
of the Freundlich isotherm (0.99901>0.74025), approving by that the monolayer adsorption

onto a homogenous surface (See Table 8).

Langmuir isotherm Freundlich isotherm
Adsorbent 1
fn Ky R? - K R?
(mg/g) n
Zn(Cur)O NPs 66.09 -1.29 0.99901 -0.1187 109.73 0.74025

Table 8 Isotherm study for congo red organic dye.
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The obtained results were similar to the ones acquired by Madan et al. [135]

verifying the efficacy of Zn(Cur)O NPs as adsorbent for congo red dye.

D. Conclusion

Zinc curcumin oxide nanoparticles were proven to have high efficiency in the
adsorption process compared to ZnO NPs alone. In addition, a satisfied adsorption capacity
of congo red onto their surface at high concentration was observed. The adsorption capacity
increases with increasing the adsorbent dose with a ge value equal to 110.31 mg/g. In
contrary, ge decreases with increasing the organic dye concentration but remains relatively
high (ge=67.07 mg/g). In addition, the best kinetic model was the pseudo-second order,
meaning chemisorption is taking place. Finally, isothermal study was performed to point

out that the experimental data fits the Langmuir isotherm.
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CHAPTER VII

EFFECT OF PH ON THE REMOVAL OF ANIONIC AND

CATIONIC DYES USING ZINC CURCUMIN OXIDE AS

ADSORBENT

A. Introduction

Nowadays, organic dyes have gained much importance due to their usage in
different types of industries such as leather, plastic, textile, paints, cosmetics, paper, and
food production [143], [144]. These dyes are significantly present in wastewater and can
cause a danger to human beings [143]. They are considered as pollutants that can bring out
a risk to the environment. By breakdown and decomposition, they are prone to form
carcinogenic and mutagenic compounds due to their high toxicity [144]. Numerous
techniques have been applied until now, such as photo-catalysis, advanced oxidation,
coagulation, membrane filtration; flocculation-solidification, electrochemical practices, and
adsorption. Among them all, adsorption is the most suitable one in terms of cost, simplicity,
ecofriendliness, and efficiency [143], [145].

Congo red (CR) is one of the anionic dyes with a pka equal to 4.5. When it breaks
down, it develops carcinogenic properties and mutagenic activities in aquatic ecosystems
[136]. Methyl orange (MO) is a different anionic azo dye. It is also carcinogenic, toxic and

mutagenic, and it lasts for a long time in the environment [146].
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Moving on to another type of dyes, the cationic organic dyes, methylene blue
(MB) is highly important because it can initiate vomiting, diarrhea, nausea, and breathing
difficulties. It blocks the passage of solar radiations into water affecting by that the amount
of oxygen necessary for the aquatic life [147]. Rhodamine 6G (Rh6G) is one more toxic
cationic organic dye that has bad consequences related to the eyes and respiratory system.
If rhodamine 6G contaminated water is drunk, it can provoke skin irradiation as well as
cancer [148]. Likewise, rhodamine B (RhB) is a basic cationic dye utilized as a water tracer
fluorescent molecule. It can cause irritation of skin and eyes as well as respiratory problems
[149].

Further, the pH of the medium affects significantly the adsorption process due to
the fact that the surface charge of the adsorbent will vary with the pH. Because of this
variation, the interaction between the adsorbent and the organic dyes will also vary
depending on the nature of the dye being anionic or cationic.

Therefore, developing an efficient complex for the adsorption process was taken
into consideration.

In this study, zinc oxide nanoparticles (ZnO NPs) were selected because of their
varied biomedical applications. Curcumin was used as a conjugated agent with zinc oxide
nanoparticles to form a complex in order to obtain zinc curcumin oxide nanoparticles
(Zn(Cur)O NPs) that will be used as adsorbent with a large and efficient surface area for the
adsorption process of organic dyes. The pH of the solution will be varied to study its effect

on the adsorption of different dyes onto the surface of the adsorbent nanoparticles.
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B. Methods of preparation

Organic dyes solutions (C=1 mM) were prepared as follows:

Different amounts of 3.48 mg congo red, 1.64 mg methyl orange, 1.6 mg
methylene blue, 2.36 mg rhodamine 6G, and 2.4 mg rhodamine B were dissolved each in 5
mL double distilled water.

For each adsorption experiment, 1 mL of double distilled water was heated and 1
mg of Zn(Cur)O NPs was dissolved in it using a sonicator to guarantee a complete
dissociation of Zn(Cur)O NPs.

The organic dyes concentrations and the adsorbent dose were fixed to be 50 uM

(150 pL) and 900 mg/L (900 pL) respectively (See Figure 40).

Methylene blue
Congo red
Anionic dyes Cationic dyes
pH variation: 2.4,7 and 9 Rhodamine 6G — pH variation: 4,7,9 and 11
Methyl orange

Rhodamine B

UV-Visible
analysis

Figure 40 Scheme illustrating the different dues used for the adsorption experiment.

The solutions of different pH were prepared using 0.1 M NaOH and 0.1 M HCI

solutions. For each dye, the experiments were performed at four different pH. For the
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anionic dyes, pH=2, 4, 7, and 9 were considered. As for the cationic dyes, the adsorption

study was done at pH=4, 7, 9, and 11.

C. Results and discussion

1. Effect of pH on the adsorption
The pH of the solution is an important parameter that affects the whole adsorption
process. It can modify the surface charge of the adsorbent. By doing that, the interactions
between the organic dye and the adsorbent nanoparticles will vary between attraction and
repulsion. Consequently, the adsorption capacity will decrease or increase with increasing
the pH, depending on the nature of the organic dye, being anionic or cationic, and its

interaction with Zn(Cur)O NPs.

a. Anionic dyes
i.  Congo red

Anionic congo red is a di-azo organic dye, containing two N=N groups, having a
molecular weight of 696.68 g/mol and a chemical formula of C32H22NeNa2OeS,. The two
UV-Visible peaks obtained at 344 nm and 497 nm correspond to the naphthalene ring and
azo groups respectively [150].

The structure of congo red is characterized by the presence of two sulfonate
functional groups R-SOs . At highly acidic pH (pH=2), the color of the solution turns from

dark red into dark blue. In addition, the surface charge of Zn(Cur)O NPs becomes

positively charged. Therefore, the negatively charged sulfonate group of congo red could be
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complexed with the positively charged adsorbent molecule by the zinc due to the high
electrostatic attraction forces between them. This will make the adsorption capacity high. It
will decrease with increasing the pH because of the repulsive interactions between the
negative sulfonate groups and the negatively charged nanoparticles at high basic pH.

This was proven in Figure 41 where the adsorption capacity decreases with the
increasing of the pH from q.=94.54 mg/g at pH=2 to q.=70.86 mg/g at pH=9. This was
verified by zeta potential were the values were equal to -84.8 mV and 23.6 mV congo red

and the Zn(Cur)O NPs respectively.
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Figure 41 Adsorption capacity of zinc curcumin oxide nanoparticles for congo red removal
at different pH.

ii.  Methyl orange

Another anionic organic dye is methyl orange. Its chemical formula is

C14H14N3NaOsS and molecular weight 327.33 g/mol. It is a part of the azo dyes family due
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to the presence of an azo group N=N in its chemical structure. Since it is an anionic dye
also, it should be expected to behave like congo red organic dye at acidic and basic pH.
From the structure of MO, there is a sulfonate group R-SOs in addition to an amine group
R-N(CHpa)2. Logically, the negatively charged sulfonate should be attracted to the positively
charged Zn(Cur)O NPs at acidic pH, and this attraction should decrease gradually at higher
pH, leading to a decrease in the adsorption capacity.

Surprisingly, this was not determined experimentally in that case. As we can
notice in Figure 42A, the adsorption capacity interestingly increases with the pH from

16.41 mg/g at pH=2 to 44.38 mg/g at pH=9.

50
45
40

35

d, (mg/g)

Figure 42A Adsorption capacity of zinc curcumin oxide nanoparticles for methyl orange
removal at different pH.

This difference is due to the presence of the amine group having a lone pair on the

nitrogen atom that is able to be delocalized at basic pH on two N atoms as shown in the in
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Figure 42B, hence increasing the probability of binding between the lone pair on the two

nitrogen atoms and the zinc of the nanoparticles adsorbent.
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Figure 42B Aspects of methyl orange in basic media.
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Further, Na* is present in methyl orange. In acidic medium, it competes with H*
ions and the positively charged surface of the adsorbent, leading to a decrease in the

adsorption capacity [151].

b. Cationic dyes

. Methylene blue
Moving on to the cationic organic dyes, methylene blue having a chemical formula
of C16H1sCIN3S, its molecular weight is 319.86 g/mol. It absorbs at Amax=664 nm. Since
methylene blue is a cationic dye, it is predictable that the adsorption capacity should

increase with increasing the pH. The results obtained prove the presence of higher

interactions between the positively charged dye and the negatively charged adsorbent at
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basic pH. This was also confirmed from the zeta analysis where MB possesses a positively
surface charge equal to +30.23 mV and Zn(Cur)O NPs is negatively charged with zeta
value equal to -19.70 mV.

The adsorption capacity ge improved from 18.02 to 34.71 mg/g when the pH
changed from 4 to 11 as depicted in Figure 43. This is explained by the fact that the
attraction forces increases between the two opposing charges of the dye and the adsorbent,

enhancing by that the adsorption.

Figure 43 Adsorption capacity of zinc curcumin oxide nanoparticles for methylene blue
removal at different pH.

In fact, another factor should also be taken into consideration, which is the
presence of the -1 interactions between the nanoparticles and the aromatic ring of the

organic dye. At acidic pH, there is less adsorption only due to the - interactions with the
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absence of the attraction and the presence of repulsion between two positively charged
species [152].
il.  Rhodamine 6G
Furthermore, rhodamine 6G is also a cationic dye. It is called also “rhodamine
590 and has a chemical formula of C28H31N203Cl with a molecular weight of 479.02
g/mol. The maximum absorption peak is located at a maximum wavelength of around 530

nm [153]. The adsorption capacity increased from 23.99 mg/g to 38.184 mg/g when the pH

varied from 4 to 11 (Figure 44).

Figure 44 Adsorption capacity of zinc curcumin oxide nanoparticles for rhodamine 6G
removal at different pH.

This is true due to the fact that the electrostatic attractions increased between the
negative surface charge of zinc curcumin oxide nanoparticles and the cationic dye, allowing

more adsorption onto the surface of the adsorbent. Similarly, Rh6G have given a positive
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surface charge with zeta value equal to +25.87, inducing electrostatic interaction with the
negatively charged Zn(Cur)O NPs (-19.70 mV).
iii.  Rhodamine B

The chemical formula of Rhodamine B is C2gH31CIN20s. Its molecular weight is
479.02 g/mol. The absorbance peak is attained at Amax around 543 nm [154]. Being as well
cationic, it is expected to achieve higher adsorption at basic pH. This was demonstrated
experimentally where the adsorption capacity ge increased from 22.4 mg/g at pH=4 to
28.34 mg/g at pH=11 (Figure 45). This is not a very noticeable difference in the adsorption

capacity between acidic and basic pH media compared to the previous organic dyes but it

could be considered fine.

4 6 8 10 12
pH

Figure 45 Adsorption capacity of zinc curcumin oxide nanoparticles for rhodamine B

removal at different pH.
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Same as the other cationic organic dyes, the adsorption increases because of the
attractive interactions between the negative surface charge of the adsorbent (-19.70 mV)
and the positive organic dye rhodamine B (+10.28 mV).

2. Kinetic studies

Kinetic studies of the adsorption of the different organic dyes onto the surface of
zinc curcumin oxide nanoparticles were conducted. The results were plotted using the
pseudo-first order and pseudo-second order kinetic model equations at a constant dye
concentration of 50 uM and nanoparticles adsorbent amount of 0.9 mg.

The plots of the pseudo-first and pseudo-second kinetic models that are used to

study the adsorption process of the various dyes are demonstrated in Figure 46 A&B.
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Methyl Orange (MO)
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Figure 46 Kinetics study (A) pseudo-first order and (B) pseudo-second order models.
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For the pseudo-first order, the values of the rate constant ki and the adsorption

capacity at equilibrium ge are calculated from the slope and the intercept, respectively (See

Table 9).
Pseudo-first order

Organic Dye ex calc

Qe (exp) ke (min) R? qe (calc)

(mg/g) (mg/g)
Congo Red 102.33 1.18*10% 0.9495 94.44
Methyl Orange 43.49 7.33*10° 0.9752 44.38
Methylene Blue 30.33 9.19*10° 0.9660 34.72
Rhodamine 6G 37.18 6.13*10° 0.9851 40.30
Rhodamine B 25.63 5.44*10° 0.9890 28.34

Table 9 Pseudo first order kinetics and the relative ki and adsorption capacity value.

Similarly, for the pseudo-second order, the rate constant k» is calculated from the

intercept while the adsorption capacity at equilibrium ge is calculated from the slope (See

Table 10).
Pseudo-second order

Organic Dye ge (exp) k2 (g.mg™. R? Qe (calc)

(mg/g) min) (mg/g)
Congo Red 94.52 1.05237*10* 0.99517 94.44
Methyl Orange 44.66 2.02129*10* 0.99863 44.38
Methylene Blue 35.89 5.47555*10% 0.99928 34.72
Rhodamine 6G 40.82 1.43262*10* 0.99986 40.30
Rhodamine B 28.58 2.13981*10% 0.99832 28.34

Table 10 Pseudo second order kinetics and the relative k, and adsorption capacity value.
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According to the obtained data, a remarkable difference was observed in the R?
values of the two kinetic models of all the dyes, with the pseudo-second order having the
greater values. This was also proven by Zhu et al. and Madan et al. [135], [142].

Moreover, the experimental adsorption capacity values of the different organic
dyes were approximately similar to the calculated adsorption capacity values in the pseudo-
second order kinetic model with higher value of R?, proving that the adsorption process of
these dyes follows a pseudo-second order kinetic model. This means that the adsorption is
done by chemisorption that requires the share of electrons between the zinc curcumin oxide
nanoparticles adsorbent and the organic dyes. The efficiency of zinc curcumin oxide

nanoparticles compared to different type of adsorbent is summarized in Table 11.
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Type and amount of

Concentration of

Qe

Organic dye References
adsorbent the dye (mg/mL) | (mg/q)
10 g/L of Pinus
Pinaster Bark > 047 [159]
0.015 g of
Congo red Feoal 00O 100 79.11 [156]
0.9 mg of Zn(cur)O 16 94.54 Our work
NPs
50 mg of the -
CD/Fe304@PVP 13 47.62 [157]
microspheres
Methyl orange ) 29 ‘?f )
chitosan/diatomite 50 35.12 [158]
complex
0.9 mg of Zn(cur)O 16 44.38 Our work
NPs
Methylene 0.1 g of carbonized 2.5 5.34 [159]
blue peanut shell
0.2 g/L of biochar 50 20 [160]
0.9 mg of Zn(cur)O 16 34.71 Our work
NPs
Rhodamine 10 mg/L of Fe3O4 6 150 [161]
6G 1g/L of activated 50 44.7 [162]
carbon
0.9 mg of Zn(cur)O 16 38.184 Our work
NPs
Rhodamine B 50 mg of seeds 50 101 [163]
of Aleurites
Moluccana
0.9 mg of Zn(cur)O 16 28.34 Our work
NPs

Table 11 Different adsorbent use for the removal of the organic dyes.
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It is obvious that in the majority of the adsorption experiments, a minimum dose of
10 mg of the adsorbent is needed. Fortunately, only 0.9 mg of Zn(Cur)O NPs were efficient

to enhance the adsorption capacity of the dyes.

D. Conclusion

In conclusion, zinc curcumin oxide nanoparticles were used as adsorbent for the
removal of organic dyes. Anionic dyes like congo red and methyl orange, in addition to
cationic dyes such as methylene blue, rhodamine 6G and rhodamine B, were found to
exhibit a successful adsorption process onto the surface of Zn(Cur)O NPs when using only
0.9 mg. The pH of the medium affected primarily the results due to the change in the
surface charge of the nanoparticles based on the acidity and basicity. Consequently, the
interactions between the organic dyes and the adsorbent were varied accordingly. Congo
red was the only dye that has the highest adsorption capacity at an acidic pH, while the
other dyes were better adsorbed in a basic medium. Finally, the adsorption process of all

the dyes was found to follow a pseudo-second order kinetic model.
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CHAPTER VIII

CONCLUSION

In brief, curcumin was complexed to zinc oxide nanoparticles via a simple green
synthesis by adding KOH drop by drop using a burette, under basic conditions of pH=13 at
80°C, to generate Zn(Cur)O NPs. In basic media, curcumin reacts completely and helps in
the generation of Zn(Cur)O NPs. The surface of these obtained nanoparticles was coated
with chitosan polymer layer in order to increase their stability. The importance of chitosan
was remarkable through TGA analysis where the mass loss was less than 10%.

The importance of Zn(Cur)O-Chi NPs in biomedical application was in the first
place verified by testing them as anti-cancer reagent. A great anticancer activity was
observed due to the inhibition of MCF-7 and Capan-1 cancer cells proliferation. It was
found that 2 ug/mL of Zn(Cur)O-Chi NPs were sufficient to inhibit the proliferation of
90% and 95% of the MCF-7 and Capan-1 cancerous cells.

Staying in the biomedical field, Zn(Cur)O-Chi NPs were used as nanoprobe to
detect ascorbic acid. The detection of AA was done based on the fluorescence emission
technique, which was found easy to handle, feasible and with low cost. The proposed
nanoparticles have shown a linear relationship in the range of 0-19 mM. The detection of
AA molecule was completed based on the interaction of the amino group of chitosan with
the hydroxyl group of ascorbic acid. The selectivity of the nanoparticles was also
investigated towards ZnO NPs and Zn(Cur)O NPs nanoprobe. It was found that the

presence of chitosan boost the interaction between AA and the nanoparticles. In addition,

127



the proposed NPs were selective towards the analytes that could interfere with ascorbic
acid. The percent recovery was between 94 and 100% and the limit of detection (LOD) was
36 uM.

Zinc curcumin oxide could also be applied in the environmental field. For this
reason, the efficiency of Zn(Cur)O NPs as adsorbent for the removal of organic dye was
established. In the first place, the adsorption process of congo red using Zn(Cur)O NPs was
optimized by varying the stirring effect, the adsorbent type, adsorbent dose, and dye
concentration. Hence, it was found that the stirring inhibits the deposition of congo red on
the surface of Zn(Cur)O NPs. So on, the presence of chitosan decreases also the adsorption
capacity of the nanoparticles. Moreover, the adsorption capacity ge of congo red rises with
increasing the dosage of adsorbent with a ge of 110.31 mg/g. In contrary, ge declines with
increasing the concentration of congo red organic dye but remains reasonable with
0e=67.07 mg/g. The data were found to fit the pseudo-second order and Langmuir model.

After confirming the effectiveness of Zn(Cur)O NPs as adsorbent, several organic
dye were investigated. Since organic dyes are present in the form of anionic and cationic
dyes, the pH of the adsorption experiments was modified accordingly. It was found that for
congo red (anionic dye), the highest adsorption capacity (94.54 mg/g) was obtained in
acidic media. The adsorption of methyl orange (anionic dye) was also preceded. It was
remarkable that the highest adsorption capacity was obtained in basic media (44.38 mg/qg).
These results are in contradiction with the results obtained for congo red. This difference is
due to the presence of the amine group having a lone pair on the nitrogen atom that has the

ability to be delocalized at basic pH on two N atoms. Furthermore, 3 cationic dyes have
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undergone the adsorption process; methylene blue, rhodamine 6G and rhodamine B.
Interestingly, a boost in the adsorption capacity was obtained in basic media due to the
electrostatic interaction between the positively charged dye and the negatively charged
adsorbent. The adsorption capacity was equal to 34.71, 38.184, and 28.34 for MB, Rh6G
and RhB respectively. The difference in the adsorption capacity is due to the difference in
the zeta potential value of the dye surface, where MB owns the high surface charge +30.23
mV.

In summary, zinc curcumin oxide in the presence and absence of chitosan; has

shown a great interest in the biomedical and environmental domain.
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