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Title:  Synthesis of new zinc oxide and gold nanoparticles conjugated with curcumin 

for environmental and biomedical applications 

 

Curcumin-conjugated ZnO nanostructures (Zn(cur)O) were synthesized through a 

simple precipitation method where the curcumin employed during the synthesis process 

got conjugated to ZnO through strong interactions. The compound was characterized 

with SEM, FTIR, XRD, ZP, UV–Vis absorption spectroscopy, and photoluminescence 

spectroscopy. The absorption spectra confirmed sensitization of ZnO to the visible light. 

Photoluminescence properties of Zn(cur)O and ZnO were compared and found that 

exciton emission was enhanced in Zn(cur)O and the visible emission suppressed. The 

environmental potential application of the compound was explored by removing toxic 

pollutants as arsenic and three PAHs from water samples.  High concentrations of 

perylene, fluoranthene, and chrysene were removed faster using the modified ZnO than 

bare ZnO depending on the extent of curcumin incorporated during synthesis. The 

degradation was found to be faster for PAHs having less number of aromatic rings; with 

167 mg/L Zn(cur)O loading, 93% removal of 11.4 μg/L fluoranthene after 25 minutes 

was achieved, 88% for 12.6 μg/L perylene after 3.4h, and 93% for 11.1 μg/L chrysene 

after 2.2h . Adsorption and fluorescence sensing potential was also tested on arsenite. 

With relatively low material loading (43 ppb), the Zn(cur)O nanostructures removed 

As(III) below the minimum contamination level (MCL) from 100 ppb samples within 

30 minutes. The compound reached up to 75% removal/adsorption capacity with 903 

ppb concentrations after 3 hours with the same loading. Bare ZnO didn’t bring down the 

arsenic contamination below its MCL even after 3 hours. Kinetics of adsorption fitted 

very well to pseudo second order model with exceptional adsorption rates that reflected 

the high affinity of the compound to As(III). These results presented the compound as 

an attractive alternative for a simple single-step treatment option to treat arsenic-

contaminated natural water with high adsorption rates without the pre-treatment 

requirement for current industrial and environmental practices. Monitoring the 

curcumin’s fluorescence with increasing arsenite concentrations showed a linear 

response up to 3 ppm revealing a potential for applying it as an optical As sensing 

material. Gold nanorods were synthesized through the seed mediated method where 

curcumin was used as the reducing agent. When CTAB-capped gold seeds were used, 

high aspect ratio NRs (15) along with nanospheres were obtained. When citrate capped 

seeds were used, polydisperse NRs and shape contaminations resulted. The 

visualization of micellar templates in SEM images seemed to stress the micelle-

templated growth of nanorods over the preferential binding of CTAB onto specific gold 

facets. The addition of silver resulted in different outcomes depending on the capping 

agent of the seed used; the hydrophobic interaction of the CTAB alkyl chain with 

curcumin prevented its interaction with silver whereas such an interaction couldn’t be 
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avoided with citrate capped seeds which prevented the reduction of curucmin at the gold 

surface and consequently hindered any NRs formation. Curcumin conjugated 

nanoparticles proved to yield nanorods in principle. The Resonance Rayleigh Scattering 

response for curcumin conjugated NPs showed a linear increase with increasing 

concentrations of RNA and DNA which rendered the method eligible for their 

determination in the concentration range  

3.33μg/mL – 100μg/mL. 
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CHAPTER I  

INTRODUCTION 

 

The study of nano-scale particles is driven by the change in physical and 

chemical properties as compared to those of the bulk. The size, shape, and surface 

properties of nanoparticles dictate the physicochemical properties of nanomaterials and 

consequently their applications. The design of functional nanomaterials has fueled the 

advance of nanomaterials and nanotechnology through the production of special 

materials with novel properties for potential applications in chemical, biological, and 

technological domains. Modifications to nanoparticles are done through incorporation 

of organic and inorganic systems on the surface of these nanoparticle  or embedding in 

polymer matrices to yield hybrid materials with novel properties and functions[1-2]. For 

inorganic systems, the proper surface functionalization enhances their stability, 

biocompatibility and functionality in physiological environments enabling their targeted 

use in bioapplications. For instance, organic-inorganic hybrid nanomaterials exhibited a 

promising potential for imaging and therapeutic applications[3]. Other organically 

modified metal oxide matrices have demonstrated great potential to make optical 

devices[4]. One important requirement for the environmental and/or biomedical 

applications of these modified nanomaterials is their established safe profile. Among 

inorganic systems, the systems we chose to work with are zinc oxide and gold 

nanoparticles, both of which have demonstrated biocompatibility and are already 

employed in many biomedical applications. However, for instance, gold nanoparticles 

(AuNPs) where citrate[5], CTAB[6], and PEG[7] are used in the synthesis have limited 

utilization in biomedicine due to their demonstrated toxicity. Thus, nontoxic modifiers 
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are needed. Furthermore, modifiers with the added advantage of being readily available 

and cost-effective for various practical applications become challenging to find. For 

instance, a modifier with these characteristics is especially desirable for the biomedical 

and environmental applications for zinc oxide. ZnO absorbs only in UV (wide band gap 

~3.37 eV at room temperature)[8] which limits some of its applications (e.g. 

photocatalysis) and thus  sensitization of ZnO towards the visible light or in other words 

narrowing its band gap or splitting it into sub-gaps is required. This have been done 

through various methods such as creating oxygen vacancies[9-10], semiconductor 

coupling[11], metal and non-metal doping, and surface modification by incorporation of 

organic materials[12-13] such as fullerenes [14] and polymers[15-16]. There is good 

research on the optical properties of polymer doped ZnO[17] and surface modification 

of ZnO by polymers [16], however, research work on dye sensitized zinc oxides and 

their respective optical and catalytic properties remains limited. The search for a safe, 

readily available, and cost-effective sensitizer has prompted the research on natural dyes 

obtained from plant sources and sensitizers such as chlorophyll derivatives, natural 

porphyrins[18] and anthocyanins [18-22] have been investigated. A natural dye, which 

is worth to investigate is curcumin. Curcumin or diferuloylmethane (1,7-bis-(4-

hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5-dione), a polyphenolic diketone, is an 

active constituent of the spice turmeric obtained from the dried root of the perennial 

herb Curcuma longa cultivated extensively in Southeast Asia, India, China, and other 

countries with a tropical climate. Curcumin is an orange-yellow pigment fraction of 

turmeric containing mixture of curcuminoids that are almost insoluble in water but 

highly soluble in organic solvents. Curcumin accounts as the major component (approx. 

77 %) in the curcuminoid complexes[23]. It is easy to extract, applicable without further 
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complicated purification and is already used a nontoxic food additive. Curcumin has 

high thermal and chemical stability and an intense long wavelength absorption in the 

visible region of 420–580 nm. Curcumin is well-known for its pharmaceutical 

applications and medicinal potential in therapy of many diseases such as cancer[24], 

cardio-vascular disease[25], and rheumatoid arthritis[26]. These features highly 

nominate curcumin as a promising natural dye sensitizer to extend visible light response 

of ZnO.  It should be noted, however, that the optimum potential of curcumin is limited 

by its lack of solubility in aqueous solvents, its poor bioavailability, and lack of targeted 

specificity. Of the attempts to improve on these limitations was its encapsulation with 

nanoparticulate formulation[27] or immobilization unto polyelectrolyte multilayer 

(PEM) thin films[28]. 

The structural formula of curcumin is shown in Fig. 1.1, it exists in 2 forms: 

the keto form which is the dominant form in the solid phase and the enol form in the 

aqueous phase. There are two kinds of acidic hydrogens in curcumin[29]; one is a 

phenolic hydrogen, the other is an active methylene hydrogen of β-diketones. The pka 

values for the dissociation of these acidic protons in curcumin were reported to be 7.80, 

8.5 and 9.0, respectively. 

 

Figure 1.1: Tautomers of curcumin 
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ZnO presented itself as a special material with great potential and thus has attracted 

research to study this semiconductor in the form of powders, single crystals, thin films, 

or nanostructures. ZnO has a high binding exciton emission (60 meV) at room 

temperature[30]. ZnO is biocompatible, chemically stable, and environmentally friendly 

rendering it suitable for biomedical and environmental applications such as, transparent 

conducting electrodes in solar cells[31] , photocatalysts for degradation of organic 

pollutants in wastewaters [32], UV lasers[33], and chemical and biological sensors[34]. 

 ZnO occurs as the rare mineral zincite, usually appearing as a white powder, it’s 

almost insoluble in water but soluble in acids and alkali. It crystallizes in three different 

structures[35]: wurtzite, zincblende and rocksalt. The wurtzite structure (Fig. 1.2c) of 

ZnO is the thermodynamically stable phase; the two other structures of ZnO, the 

zincblende (Fig. 1.2b) and the rocksalt (Fig. 1.2a) are metastable and only occur under 

certain conditions. The zincblende structure is obtained through epitaxial growth of 

ZnO on a suitable cubic substrate, while the rocksalt (NaCl-type) structure is observed 

when subjected to high pressures (~9 GPa at 300 K). Nearly all photocatalytic studies 

are focused on the wurtzite structure.   

 

 

Figure 1.2: Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt; (b) cubic 

zincblende; (c) hexagonal wurtzite. The shaded white and black spheres denote Zn and O atoms, 

respectively[36]. 
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Various methods are used to synthesize ZnO nanostructures with different 

morphologies, sizes, and functionalities, such as vapor phase transport[37], 

hydrothermal process[38] , chemical solution[39], metal-organic CVD (MOCVD)[40], 

chemical vapor deposition[41] and template-directed growth[42]. 

Reports on curcumin as sensitizer are scarce. Among those few[43] reported that 

curcumin-derived dye can be used as a sensitizer in dye sensitized solar cells (DSSC) 

with photocurrent density of 1.66 mA cm
2
. Curcumin has very exciting photophysical 

and fluorescence properties in heterogeneous environments[44]. It can make metal 

complex to various metal ions[45-47]. It also makes a Zn-curcumin complex by reacting 

with zinc salt [48-49]. Recently Khalil et al have reported synthesis of ZnO from a 

curcumin zinc precursor[49]. Hariharan et al have anchored curcumin and its metal 

complexes on the surface of ZnO/PVA nanocomposites by vacuum evaporation 

method[16]. In this work we attempted to prepare a new curcumin-zinc oxide material 

where curcumin was incorporated with ZnO during the synthesis process through the 

hydrothermal method. The first part of this thesis constitutes the work on curcumin-

conjugated ZnO nanostructures (Zn(cur)O); its synthesis and characterization by SEM, 

FTIR, XRD, ZP, UV–Vis absorption spectroscopy, and photoluminescence 

spectroscopy. Known for its adsorption capacity and photocatalytic activity, the 

potential of the new material was tested for environmental applications, specifically on 

removing carcinogenic pollutants as arsenic and three selected polycyclic aromatic 

hydrocarbons (PAHs); namely chrysene, fluoranthene, and perylene from water. 
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Nanostructures made of noble metals, such as gold, have attracted intense 

research because of their fascinating optical, electronic, and chemical properties as well 

as biocompatibility[50-51]. These properties in addition to the photo-stability and ease 

of functionalization of gold nominate it as an ideal candidate for promising applications 

in nano-electronics, biomedicine, sensing, and catalysis [52-53].  In addition, gold is 

suitable for basic research because it holds a simple face-centered cubic (fcc) crystalline 

structure which would render the understanding of growth processes easier. The 

interesting optical properties of metals in general stem from the excitation of the free 

electrons on their surface which results in surface plasmon resonance (SPR)[54-61]. 

Factors such as the particle’s size, shape, and particle-to-particle interaction dictate the 

surface plasmon modes of metal nanoparticles [62-73]. Anisotropic (non-spherical 

shapes constituting nanocubes, nanoprisms, nanorods, and nanowires) particles allow 

for a greater degree of tunability of the SPR while keeping almost the same volume in 

comparison to spherical particles that show a limited tunability accompanied with a 

significant change in volume. For example, spherical Au particles spanning a diameter 

of 10 to 100 nm (volume changes by 1000 times) show a ∼50 nm tunability of SPR 

wavelength (520 to -570 nm)[74]. This same tunability, on the other hand, is attained 

for Au nanorods when a slight change in aspect ratio (length-to-diameter ratio AR) from 

∼2.5 to ∼3 (volume increases only by a factor of 1.2) can lead to a 50 nm red shift of 

the longitudinal plasmon mode. This high tunability of anisotropic particles is due to 

their “extreme sensitivity to factors such as particle shape (e.g., nanorods), the shape 

anisotropy (e.g., aspect ratio of nanorods), and tip truncation (e.g., the case of 

nanoprisms)[75-78]. Various wet chemical techniques have been established to produce 

gold nanoparticles with various shapes such as rods[79-81], wires[82-83], plates[84-85], 
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prisms[86-87],  cubes[88], polyhedral [89-90], and branched particles[91-92]. The first 

encountered anisotropic nanostructures were the rod-shaped nanoparticles in late 1990s. 

A “nanorod” is defined to be a nanoscale particle with an aspect ratio (length/width 

ratio) that is between 1 and ~20–25; higher aspect ratio materials we will call 

“nanowires” (as long as the diameter is less than ~100 nm)[93]. Spherical gold NPs in 

the range ~5–50 nm (in diameter) show one plasmon band at ~520 nm in aqueous 

solution. On the other hand, nanorods’ optical properties are mainly controlled by the 

rods’ aspect ratio and would show two plasmon bands attributed to light absorption (and 

scattering) along the long axis (“longitudinal plasmon band”) and the short axis 

(“transverse plasmon band”) of the rods. The position of the plasmon band is affected 

by the environment’s local polarizability and the aggregation state of the particles. As 

the aspect ratio increases, the position of the longitudinal plasmon band red-shifts, and 

the transverse plasmon band position stays relatively constant at ~520 nm. Gold 

nanorods of moderate aspect ratio (2–5) display plasmon bands with tunable maxima 

from ~700 to 900 nm, and high-aspect ratio nanorods (>5)exhibit a longitudinal 

plasmon band past 1500 nm [94-97].  

 

As the plasmon is created upon light absorption, it gives rise to large electric 

fields near the nanoparticle surface, enhanced particularly at the tips for nanorods. The 

applications for such an enhancement  means an improved sensitivity for chemical 

sensing such as surface-enhanced Raman scattering (SERS), where the Raman signals 

from molecules increase enormously in intensity, if the molecules  are in close 

proximity  (within ~10 nm) of a metal nanoparticle surface[97-99]. Such an 

enhancement has been utilized in specific molecular diagnosis of cancer. Also the 
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tunability of the plasmon band position of nanorods by changing its AR promises to 

have huge potential in biological applications. Gold nanorods serve as promising tools 

for photothermal targeted therapy, in which near-infrared light illumination leads to heat 

that can destroy diseased cells[100-105]. This’s attributed to the tunability of the 

plasmon band to the near-infrared “water window” of the tissue and the large extinction 

coefficients of the plasmon bands of gold nanorods leading to strong absorption, 

followed by heat release to the environment. The strong light absorption and scattering 

are utilized for disease detection through optical cellular imaging. Of course, issues of 

toxicity, biodistribution, and metabolism must be addressed for true in vivo 

applications. Full realization of gold nanorods potential in all of these applications 

requires improvements in fundamental understanding of the crystal growth processes 

that allows controllable rods synthesis [67,106]. For example, it is not yet possible to 

know a priori what specific reaction conditions will yield gold nanorods with 5 nm in 

diameter and AR corresponding to light absorption at 1200 nm.  

Gold nanorods can be obtained via many ways, from lithographic deposition of 

thin gold films on a substrate followed by various chopping procedures[107], to 

electrochemical deposition in hard nanotube templates[108-109], to photochemical 

reactions in solution[81]. The seed mediated method is the state of art synthesis of gold 

nanorods introduced by Murphy and co-workers [80]. It’s a multistep controlled redox 

reaction that is performed at room temperature aqueous solution which generally  

involves two main steps[80]. The method utilizes small  spherical seed particles (~1.5–4 

nm diameter) that are first synthesized from~10
−4 

M gold salt (HAuCl4) and excess 

strong reducing agents  agent (e.g., sodium borohydride) to promote isotropic growth 

over anisotropic growth in the presence of a stabilizing agent (citrate or 
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cetyltrimethylammonium bromide CTAB). These seed particles are then added to a 

growth solution that contains additional gold salt, a weak reducing agent, and a 

“structure-directing agent” to control the final particle shape. The choice of the reducing 

agent determines to a great extent the rate of formation of the nanorods and the final 

shape and anisotropy. Ascorbic acid is the secondary mild reducing agent usually used 

because it is too weak to reduce the additional gold salt in the growth step from Au
3+

 to 

Au
0
 alone. This allows for the growth to occur over a long time (minutes to hours), 

which aids in anisotropic growth. The structure directing agent used is CTAB, a cationic 

surfactant well-known to form rod like micelles on its own in water[80].  

What Murphy and co-workers did specifically in their work is that they synthesized - 

through optimizing the concentration of CTAB and ascorbic acid - high aspect ratio 

nanorods (low yield of 4%) using 3.5-nm gold seed particles reduced by sodium 

borohydride in presence of citrate that acts as a capping agent. Later on, they improved 

the method to obtain monodisperse gold nanorods of high aspect ratio in high yield 

(∼90%) [110], just through pH control. The pH of the growth solution was adjusted to 

3.5 and 5.6 (previously was 2.8), and resulted in forming gold NRs of aspect ratio 

18.8±1.3 and 20.2±1.2, respectively. For high aspect ratio rods (aspect ratio ~20) where 

rods of increasing aspect ratios (from ~4 to 18) can be obtained [80], also a three-step 

seeding method is used where the timing of the reaction in each step is adjusted. The 

general procedure starts with preformed seed particles, as described above, and three 

sets of growth solutions containing additional gold salt and CTAB. The first growth 

solution is seeded with the seed particles; 10–15 s later, an aliquot of this solution is 

used as the seed for the next growth solution; and so on. After three steps of seeding, 

gold nanorods of aspect ratios ~18 can be obtained, albeit in low absolute yield (~4%). 
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A main disadvantage of this method is the large proportion of gold nanospheres and 

other shapes that are formed, greatly reducing the yield of rods. Purification of the 

longest rods relies on gravity for their slow settling out of solution. 

The factors controlling or affecting shape control are not yet well defined and 

many efforts have been made to understand the mechanism of the growth process. 

Aspect ratio, monodispersity, shape, and the yield of the gold nanorods were 

demonstrated to be influenced by a number of factors, such as the stability of the seed, 

temperature, and the nature and concentration of surfactant. For instance, the choice of 

the capping agent used for Au seed was found to be an important factor that affects the 

yield of nanorods since it affects the crystal structure of the seed itself. Jana et al. used 

citrate-stabilized seeds and obtained a low nanorod yield (∼15%)[80]. The method was 

optimized later on by Nikoobakht and El-Sayed by using CTAB-stabilized Au seeds 

overcoming much of the limitations of the previous method such as formation of φ-

shaped particles, which appear as hybrids between spheres and rods, in addition to 

contamination by spherical particles. The method yielded outstanding ∼99% nanorods 

where AR could be tuned from 1.5 up to 5. HR-TEM studies have indicated that the 

CTAB-capped seeds used for nanorod growth are single crystalline with well-developed 

facets [111].  Single crystalline (as opposed to penta-twinned) nanorods are produced if 

CTAB protected Au seeds, rather than citrate capped seeds, are employed in the growth 

process. The surfactant structure including the choice of the head group, hydrocarbon 

chain length, and counterion is found to play a crucial role in preparing these high 

aspect ratio gold nanorods. For example, having CTA
+
 cation kept intact, bromide was 

found to be far superior to chloride or iodide for nanorod production[11]. 
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In the silver-assisted method, the amount of silver nitrate added affects the final 

aspect ratio of the rods [79]. The resulting rods cannot be used in multistep as seeds to 

grow longer rods as their silverless counterparts; rather the synthesis must be repeated 

with a higher concentration of silver nitrate to obtain higher aspect ratio gold NRs. Low 

aspect ratio nanorods (~1–6), (up to ca. 90 nm in lengths) starting from 1.5 nm CTAB 

capped Au seeds [97,112] can be synthesized with high yield (~90%) after two rounds 

of purification by centrifugation[93]. Nonetheless, the overall yield relative to the initial 

gold ions is less than 15% [79]. The excess unreduced metal ions and CTAB are 

thought to be important in promoting anisotropic growth as it’s noticed that reducing the 

concentrations of all reagents in the synthesis decreases nanorod yields.  

Monodisperse tunable Au NRs with negligible shape impurities (<1% of the total 

number of particles) were obtained with aromatic additives. This account of research, in 

addition to the known reducing ability of curcumin and its safe profile for biomedical 

and environmental applications, made it attractive to use this molecule in the synthesis 

of nanorods as a reducing agent and to test if it had similar effects as the aromatic 

additives reported earlier. Research on the seed mediated method have studied the 

effects of many parameters including  the gold seed, concentration of reactants, 

temperature, duration of growth, additives…etc. [74,110,113-115]. However, little 

research is done on the nature of the reducing agent. In this work we altered the 

conventional reducing agent (ascorbic acid) with curcumin and we systematically 

changed some reaction variables, such as pH, concentrations of reactants, addition of 

silver, and the capping of the gold seed. These modifications had been carried out to 

explore any distinctive features arising and to help gain a better understanding of the 

reaction mechanism hoping it serves one of the aims of materials science in defining 
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and understanding the mechanisms that eventually dictate crystal shape for better 

design.  
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CHAPTER II  

SYNTHESIS, CHARACTERIZATION, AND 

PHOTOLUMINESCENCE OF CURCUMIN CONJUGATED 

ZINC OXIDE NANOSTRUCTURES  
 

A. Experimental 

1.  Materials 

 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98% extra pure was obtained from 

Acros Organics, curcumin was obtained from Sigma, acetone (HPLC grade) was 

obtained from Sigma Aldrich and potassium hydroxide from AnalaR. All the solutions 

were prepared with deionized water unless otherwise mentioned. 

 

2. Synthesis 

Zn(cur)O was prepared by taking 0.5 mg (0.001 mmol), 1.0 mg (0.0027 mmol),  

1.5 mg (0.004 mmol), or 2.0 mg (0.0054 mmol), of curcumin in 50 mL of double 

distilled water (close to neutral pH) at 80 – 90 
o
C. When curcumin was solubilized 

completely, 50 mL of 0.1 M Zn(NO3)2 (5 mmol) solution prepared in double distilled 

water was added to it. The yellowish solution was refluxed for 1 hour at 85-90 
o
C. After 

that, the solution was cooled down and 5 mL of 0.2 M KOH (1 mmol) was added 

slowly at 4 
o
C. An orange yellow gel-like suspension was observed. The solution was 

centrifuged at 5000 rpm and the precipitate was washed with water till no more yellow 

color was observed in the supernatant. Acetone washes were necessary to remove any 

unanchored curcumin after which the final wash was with water. The precipitate 

Zn(cur)O was vacuum dried at room temperature. A control ZnO was synthesized by 

taking 50 mL of 0.1 M Zn(NO3)2 solution prepared in double distilled water and then 
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adding 5 mL of 0.2 M KOH slowly in an ice bath at 4 
o
C. The white suspension was 

centrifuged at 5000 rpm, washed with water and vacuum dried just like Zn(cur)O . In 

another control experiment, ZnO anchored with curcumin (cur@ZnO) was prepared by 

adding 2 mg of curcumin to the white ZnO obtained from the above procedure. The 

mixture was refluxed for 3 hours at 85 -90 
o
C. A yellow solid precipitated and was 

centrifuged and washed with water at 5000 rpm. The yellow precipitate was also 

washed with acetone to remove unbound curcumin. It's worth noting that for Zn(cur)O 

only one acetone wash was enough for any unbound curcumin to come out, while for 

cur@ZnO, curcumin kept coming out and the supernatant kept appearing yellowish 

even after several washes with acetone. The precipitate appeared lighter in color 

(whitish yellow) with every wash.  

 

3. Characterization 

The apparent zeta potential was measured using a Malvern Zetasizer Nano ZS 

(M3-PALS) using the Non-Invasive Back Scatter technique. The instrument was 

equipped with a monochromatic red laser operating at 632.8 nm and the data were 

analysed with the Malvern Dispersion technology software. Z-average values for three 

measurements were recorded. The Thermogravimetric Analysis (TGA) and Differential 

Scanning Calorimetry (DSC) measurements were done using a Netzsch TGA 209 in the 

temperature range 0 to 800 
o
C with an increment of 30 K/ 10 minutes in a N2 

atmosphere. Scanning electron microscopy (SEM) analysis was carried out using 

Tescan, Vega 3 LMU with Oxford EDX detector (Inca XmaW20) SEM. The sample 

was deposited on a carbon film for SEM analysis. Transmission electron microscopy 

(TEM) measurement was carried out with a JEOL 2200FS double aberration corrected 
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FEG microscope, operating at 200 kV. TEM samples were prepared by casting a drop 

of the nanoparticle suspension onto copper grids covered with holey carbon films. The 

fluorescence image was recorded using a high sensitive STED confocal set up consisted 

of confocal microscope (Leica TCS SP5 STED, Leica Microsystem), APD detector and 

an Argon laser with 430 nm excitation wavelength. Zn(cur)O was excited by a 

wavelength of 430 nm and typical emission wavelengths were 490 –600 nm. The X-Ray 

Diffraction (XRD) data were recorded using a Bruker d8 discover X-Ray diffractometer 

equipped with Cu-Kα radiation (λ = 1.5405 Å). The monochromator used is Johansson 

Type. The step size is 0.02 s and the scan rate is 20 s per step.  

 

Zn(cur)O, ZnO and cur@ZnO were srudied by FTIR spectroscopy. A Thermo 

Nicolet 4700 Fourier Transform Infrared Spectrometer equipped with a Class 1 Laser 

was used for this purpose. The KBr pellet technique is applied to perform the 

transmission experiments in the range between 4000 and 400 cm
-1

. The absorption 

spectra were recorded at room temperature using a JASCO V-570 UV-VIS-NIR 

Spectrophotometer. UV-visible Diffuse Reflectance spectra were measured using a 

JASCO V-570 UV-VIS-NIR Spectrophotometer in the range 200 to 800 nm. The 

steady-state fluorescence spectra (excitation and emission) were recorded at room 

temperature using Jobin-Yvon-Horiba Fluorolog III fluorometer and the FluorEssence 

program where the excitation and emission slits width were 5 nm. The source of 

excitation was a 100 W Xenon lamp, and the used detector was R-928 operating at a 

voltage of 950 V. 
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B. Results and discussion 

1. Synthesis of Zn(cur)O 

 

The Zn(cur)O particles were prepared through wet chemistry by the precipitation 

method having zinc nitrate, curcumin, and potassium hydroxide as starting materials. 

After a specified amount of curcumin was solubilized in 50 mL D.D.W at 85–90
o
C, zinc 

nitrate was added and the mixture refluxed for an hour and the yellow colored solution 

was cooled to 0
o
C in an ice bath and subsequently potassium hydroxide solution was 

added slowly. The yellowish precipitate obtained, Zn(cur)O, was centrifuged and 

washed.  It should be noted that curcumin degrades in alkaline medium, but addition of 

potassium hydroxide to curcumin and zinc nitrate did not show any degradation or color 

change of curucmin. Zn(0.5cur)O, Zn(1.0cur)O, Zn(1.5cur)O, Zn(2.0cur)O particles 

were synthesized respectively by using 0.5 mg, 1.0 mg, or 2.0 mg of curcumin. Two 

controls ZnO and cur@ZnO (anchoring of curcumin on ZnO surface) were prepared. In 

case of cur@ZnO, washing with acetone could easily remove curcumin (yellowish 

curcumin appearing in the wash solution) during centrifugation and yellowish color 

faded with each washing. On the other hand washing of Zn(cur)O with acetone didn’t 

alter its yellowish color and no curcumin was detected in the wash solution. 

Curcumin-anchored ZnO (cur@ZnO) is prepared by the physical method which means 

mixing of polymers/organic molecule with the nanoparticles or nanostructures in 

solutions to which are said to be connected physically, i.e., via static interactions, van 

der Waals forces or Lewis acid–base interactions. On the other hand, there is the 

chemical method where bonding of polymers or organic ligands with the nanoparticles 

via chemical bonds takes place. The products of this method are more stable because of 

stronger interactions. Besides the consistency of the yellow color observed for curcumin 
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conjugated ZnO (Zn(cur)O) after several washes, reflecting the strong interaction 

between curcumin and ZnO, the compound also satisfies features this method implies 

upon the products such as, perseverance after solvent washing, i.e., the products can be 

isolated from the reaction system by non-solvent methods[116] or centrifugation–

redispersion treatment[117]; there is no significant phase separation under TEM or 

AFM observation; and IR spectra show the signals of chemical bonds as will be seen 

later on. 

 

2. Characterization 

a. X-ray Diffraction Analysis 
 

The XRD pattern of Zn(cur)O is shown in Fig. 2.3a. All the Zn-O hexagonal 

phase diffraction peaks were found at 2θ of 31.80
o 
(100), 34.51

o
 (002), 36.26

o
 (101), 

47.49
o
 (102), 56.61

o
 (110), 62.99

o
 (103), 66.55

o
 (200), 67.84

o
 (112), 69.19

o
 (201) and 

77.53
o 
(202). These observed peaks are in good agreement with those for hexagonal 

ZnO with wurtzite structure as reported earlier[118]. The additional peaks found at 

37.03
o
, 37.80

o
, 43.23

o
 and, 64.35

o
 were attributed to curcumin. The sharp diffraction 

peaks apparent in the figures indicate good crystallinity of the ZnO nanoparticles. No 

characteristic peaks of any other phase of ZnO or of any impurity were observed which 

indicates the relatively good purity of the compounds. The pattern of pure curcumin 

shows sharp characteristic peaks of curcumin[119] at 2θ of 20
o
-30

o
. However, the 

characteristic peaks of curcumin were not observed when coated on ZnO in the XRD 

patterns of (0.5 and 1.0), and only three peaks at 26.0, 26.8, and 29.45 for 2 mg were 

attributed to curcumin in this range. The reasons for the absence of curcumin peaks 

could be due to that: (1) the amount of curcumin was too small to be detectable in XRD, 
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and (2) curcumin had lost its crystallinity after dissolving it with ZnO. Furthermore, it is 

noticed that the addition of the small amounts of curcumin didn’t change profoundly the 

crystallinity of ZnO, however, the addition of 2 mg curcumin effected the crystallinity 

of ZnO where some peak seemed to disappear.  

The Scherrer equation[120] relates average crystallite size of the sample with the line 

broadening at full width at half maximum (FWHM) and thus the average crystallite 

sizes of samples were determined using the Scherrer equation: 

𝑑 𝑋𝑅𝐷 =  
0.9 𝜆 ×𝛽

cos 𝜃
    (2.1) 

where DXRD is the average crystallite sizes (nm), λ the X-ray wavelength 

(λ = 1.5406 Å), β the full-width at half-maximum (FWHM) of the highest intensity peak 

in radians, and θ the half of diffraction peak angle. The peak of the 110 plane (strongest 

peak) was monitored to evaluate relative crystallite size with respect to curcumin 

concentration used during synthesis of Zn(cur)O. Crystallite sizes of 24.63 nm, 20.18 

nm, 26.06 nm, and 20.04 nm were obtained for ZnO, Zn(0.5cur)O, Zn(1.0cur)O, and 

Zn(2.0 cur)O respectively. As the curcumin increased from 0.0013 mmol (0.5 mg) to 

0.0027 mmol (1 mg) the crystalline size increased (a decrease in FWHM) but further 

increase to 0.004 mmol curcumin (2 mg) decreased the crystalline size.  
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Figure 2.3: (a) X-ray diffraction patterns of Zn(cur)O nanoparticles as prepared using 0.5 mg, 1.0 

mg or 2.0 mg of curcumin.  

 

 

b. Zeta Potential 

The apparent zeta potential gives supp related to surface charge. The 

measurements were done in double distilled water where the pH is 6.8 - 7.0. As 

depicted in Fig. 2.4 the zeta potential measurement of curucmin in water showed a value 

close to –40 mV whereas that of ZnO was found to be nearly 0 mV in water. When 

curcumin was mixed with zinc nitrate, a zeta potential value slightly negative but close 

to zero was observed. This observation is not surprising as Zn
2+

 can form a complex 

with curcumin by helping to neutralize the negative surface charge of curcumin 

solution. Now for Zn(cur)O, the zeta potential remarkably changed to +40 mV 

confirming that Zn(cur)O has a positive surface charge and is relatively stable reflecting 

the strong interaction between curcumin and ZnO. 
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Figure 2.4: Apparent Zeta Potential distribution of (a) ZnO, (b) Curcumin and (c) Zn(cur)O. 

 

c. TG-DSC analysis 

The TG–DSC curves of the precipitates Zn(cur)O, ZnO, cur@ZnO and raw 

curcumin are shown in Fig. 2.5. The TG curve indicates that a remarkable mass loss 

(~23%) occurred during the thermal decomposition of Zn(cur)O and a range of 3-4 % 

mass loss for ZnO and cur@ZnO. The precipitate Zn(cur)O began to decompose when 

the temperature was above 180 
o
C, and  the decomposition was complete at ~240 

o
C. 

The weight-loss in raw curcumin occurs around 260°C till around 550 °C, whereas the 

weight loss for ZnO occurred in the range 220 – 280 °C (Fig. 2.5b). The derivative of 

differential scanning calorimetry (DSC) showed a minimum at around 250 °C for ZnO. 

For raw curcumin the minima was found to be at around 180 °C and for Zn(cur)O at 

around 230 °C.  The maxima at 160°C for raw curcumin could be detected in Zn(cur)O 

in addition to maxima at around 200 °C due to the main weight loss of Zn(cur)O, but 

one of the major maximum at around 540 °C in raw curucmin was not found in 
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Zn(cur)O. The small maximum found at around 105 °C in Zn(cur)O is similar to one 

obtained in ZnO.  However, cur@ZnO showed similar TGA and DSC data like obtained 

for ZnO as shown in Figure 2.5b.  Interestingly, weight loss in curcumin and cur@ZnO 

follows a gradual decrease whereas in ZnO and Zn(cur)O the weight loss occurred more 

rapidly. This, along with the shift in peaks in thermogram of Zn(cur)O compared to 

ZnO clearly indicates that Zn(cur)O is different from ZnO anchored with curcumin 

(cur@ZnO) or ZnO.  
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Figure 2.5: (a) TG analysis of Zn(cur)O and compared with ZnO alone, (b) Derivative of DSC 

 

d. SEM 

The SEM images of the as-synthesized ZnO, cur@ZnO and Zn(cur)O particles 

are presented in Figure 2.6. The particles were of sizes ranging from 200 – 600 nm 

width and 600 – 2000 nm length. There were also particles of smaller sizes. The 

particles looked similar to grain or half grain. Zn(cur)O particles (Figure 2.6 c & d) 

were found to be not different in their appearance and morphology compared to 

ZnO(Figure 2.6b) and cur@ZnO (Figure 2.6c). Closer SEM images of these grain 

shapes Zn(cur)O were recorded in 200 nm resolution as shown in Fig. 2.7 showed that 

these grain appearing particles were assembled of nano-sized particles. It should be 

noted that changing the concentration of curcumin (0.5 mg, 1.0 mg, 1.5 mg or 2.0 mg) 

during preparation of Zn(cur)O did not have any foremost impact on the morphology of 

these particles, although Zn(cur)O prepared using 2 mg curcumin were found to have 

more number of smaller or half-broken particles (Figure 2.7c). The morphology of these 

particles was also clearly visible in fluorescence STED microscope (Figure 2.7d). The 
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fluorescence coming out from the whole region indicates curcumin is present all over 

the particle.   

 

Figure 2.6: SEM images of (a) ZnO, (b) ZnO anchored with curcumin (cur@ZnO), (c) Zn(0.5cur)O 

and (d) Zn(1.0cur)O 
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Figure 2.7: SEM images of Zn(cur)O using (a) 0.5 mg, (b) 1.0 mg and (c) 1.5 mg of curcumin. (d) 

STED image of Zn(cur)O particles. The scale bar for SEM images is 200 nm. 

 

e. FTIR spectroscopy 

FT-IR spectroscopy was done to inspect the interaction of curcumin with 

ZnO through the fingerprint vibrations of both curcumin and ZnO and of Zn(cur)O as 

shown in Fig. 2.8. Bare ZnO has a characteristic strong and broad absorption peak 

around 442 cm
−1

 assigned to Zn–O bond[121]. No bands appear around 3500 cm
−1

 nor 

1600 cm
−1

 which are usually attributed to O–H stretching vibration peak of the hydroxyl 

functional group and to the bending vibration of the surface H–OH which means that no 

hydroxyl groups adsorption on the surface of ZnO takes place and what we have is ZnO 

rather than Zn(OH)2 . The peak at 442 cm
-1

 in ZnO is shifted to 484 cm
-1

 in Zn(cur)O 

and is less pronounced  suggesting the presence of an altered Zn-O bond due to its 

interaction with curcumin. The frequency region of both phenolic ν(OH) vibrations of 

the curcumin was computed to be at 3595 cm
-1

,  but was shifted to lower frequency at 
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3510 cm
-1

 due to intramolecular and intermolecular H-bonding in curcumin[122]. In 

Zn(cur)O the location of the band is screened by the broad band at 3430 cm
-1

 attributed 

to the water hydroxyls groups adsorbed at the surface off the compound.  

Curcumin molecule has one of the most prominent functional group—the β-diketone 

group—at the center which has high driving force to form chelation with metal ions. 

The β diketo system in curcumin was found to form charge transfer complexes with 

TiO2 nanoparticles[23]. This could be due to the co-existence of keto and enol groups in 

curcumin molecules. In this respect, it is not surprising to have an interaction—be it 

weak or strong—of this β-diketone moiety with Zn
2+

 at the bulk surface. However, for 

the case of curcumin-ZnO nanostructures, its corresponding FTIR dismisses such an 

interaction. In fact, the curcumin spectra doesn’t show any peak in the carbonyl region 

(1800–1650 cm
-1

) as reported earlier neither in the solid state nor in solutions indicating 

that curcumin exists mainly in the enol form. However, two peaks show in this region at 

~1650 cm
-1

 and at 1756 cm
-1 

for the ZnO-curcumin compound, where the 1650 cm
-1

 

peak could be due to ν(C=O) of curcumin. The other peak at 1756 cm
-1 

could be related 

to the carbonyl’s asymmetric mode of vibration in its diketo solid form (the symmetric 

mode is unseen usually because its intensity is too low).  

The weak experimental bands observed in the IR spectrum (3079–3000 cm
-1

) are 

assigned to the aromatic C-H stretches while the lower frequency bands are attributed to 

the methyl group motions[122]. Theoretical calculations show that the enolic ν(OH)  

mode is at 2979 cm
-1

 [122]. Experimentally, this band usually appears weak and broad 

as it did in this case. The absence of a clearly defined v(OH) band has been previously 

discussed by Tayyari et al.[123]: “the intensity and broadness of the enol band is 

dependent on the strength of the intramolecular hydrogen bond where it would decrease 
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in intensity and increase in broadness as the strength of the hydrogen bond increases”.  

Also in their work on dibenzoylmethane (DBM), a β-diketone system, similar to 

curcumin, they suggested that the π-systems, such as the phenyl groups increase the H-

bond strength through conjugation with the enol ring. The hydroxyl and methoxy 

groups on the phenyl rings of curcumin are electron donating systems expected to even 

cause stronger hydrogen bond effect. So any weakening of these groups’ 

electronegativity (phenyl ring and/or the existing methoxy and hydroxy groups on it) by 

forming bonds or conjugating with other moieties would cause the hydrogen bond 

strength to decrease thus allowing the enol peak to appear more clearly. This is what we 

observe in the Zn(cur)O sample, where the enol band appears sharper and more 

intensified, suggesting the hydrogen bond strength in the anchored curcumin decreases 

due to probably the involvement of the ZnO with the hydroxyl or methoxy groups on 

the phenyl ring. The carbonyl and hydroxyl groups of curcumin can bind to the surface 

of ZnO particles, making way for electron transfer from the excited curcumin molecule 

to the conduction band of ZnO.  This could be supported also by the disappearance and 

shifting of the bands at 960 and 855 cm
-1

 in Zn(cur)O  which are attributed to ν(C-O) 

vibrations. It worth noting that the peaks in the range 2830-3000 cm
-1

 could also be 

attributed to C-H stretches interfering with the enolic ν(OH).  

The peak in curcumin at ~1630 cm
-1

 has a predominantly mixed ν(C=C) and ν(C=O) 

character. The very low intensity peaks in the region 2700 – 3000 cm
-1

 is due to 

aliphatic C-H stretches in curcumin. The most prominent band in the curcumin 

spectrum was found at 1510 cm
-1

 attributed to highly mixed vibrations of ν(C=O), d 

(CC=O), and d (CCC)[122]. The IR bands in frequency region 1430–1460 cm
–1

 are due 

to deformation vibrations of the two methyl groups. Based on earlier work[122], most 
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bands in frequency region 1450–1300 cm
-1

 are highly mixed. The bands at 1290 and 

1282 cm
-1

 belong to the pure in-plane COH vibrations of aromatic rings. The bands in 

1277–1188 cm
-1

 are attributed to the in-plane deformation vibration of phenyl rings and 

skeletal in-plane deformations. The band at 886 cm
-1

, belonging to the COH out-of-

plane vibration of aromatic rings, could be described as pure vibrations. The IR bands at 

864 and 856 cm
-1

 

Generally, the bands between 870 cm
-1

 and 710 cm
-1

 could be attributed to different 

COH out-of-plane aromatic and skeletal motions. 
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Figure 2.8: FT-IR spectra of as-synthesized ZnO, curcumin, and Zn(cur)O nanostructures at room 

temperature. 

 

f. UV–Vis diffused reflectance spectroscopy (DRS) 

UV–Vis diffused reflectance spectra of the Zn(cur)O, ZnO and cur@ZnO are 

depicted in Fig. 2.9. All of them show a similar broad and strong absorption spectrum 

with an onset at 400 nm and a maximum at about 343 nm, which is characteristic of 

ZnO wide-band semiconductor. Another strong absorption maximum was found at 
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around 445 nm with an absorption onset at ~570 nm for Zn(cur)O confirming the 

presence of curcumin. For cur@ZnO, the absorption peak intensity was less and the 

onset had a broader tail. The position of the curcumin peak is red shifted compared to 

curucmin in solution. This shift in absorption spectra could be due to the interaction of 

curucmin with zinc.  

 

Figure 2.9: UV–visible diffuse reflectance spectra of the as-synthesized ZnO, Zn(cur)O and 

cur@ZnO nanostructures at room temperature. 

 

g. Photoluminescence study 

Usually the photoluminescence (PL) of ZnO nanoparticles has two main 

components[124]: “the typical exciton emission or near-band-edge emission, i.e., photo-

generated electron recombination with holes in the valence band or in traps near the 

valence band”. This process produces UV light of about 370 nm because the ZnO band 

gap is 3.37 eV at room temperature. The other component is visible emission (Green 
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emission, also called deep-level emission) related with oxygen vacancies and zinc 

interstitials, but its corresponding mechanism is controversial and not clear so far[124]. 

Room-temperature PL spectra of ZnO can exhibit a number of different peaks in the 

visible spectral region, which have been attributed as mentioned earlier to the defect 

emission. Emission lines are reported at 405, 420, 446, 466, 485, 510, 544, 583, and 640 

nm[125].  

Two popular mechanisms for the ZnO visible emission have been suggested 

(Scheme 1): one is recombination of a shallowly trapped electron with a hole in a deep 

trap[126-127] and the other is recombination of an electron in singly occupied oxygen 

vacancies (i.e., deeply trapped) with a photo-generated hole in the valence band[128-

129]. Since it is difficult to determine the exact location and the energy level of the deep 

traps, scientists weren’t able to decide on one mechanism and both are still coexistent. 

Nonetheless, both models agree that ZnO visible emission intensity depends on its 

defect concentration. Also, there is some convincing evidence that the type of defect 

responsible for the green emission is located at the surface. It was shown that coating 

ZnO nanostructures with a surfactant suppressed green emission[125]. Another factor 

could be the possible presence of Zn(OH)2 at the surface, especially for nanostructures 

prepared by solution methods, which could affect the emission spectra from ZnO 

nanostructures[130]. 

The ZnO luminescent properties are influenced by the preparation method and 

they are essentially associated to electronic and crystalline structures. Therefore, 

preparation methods such as pyrolysis, chemical vapor deposition and molecular beam 

epitaxial growth at high temperature, are common methods to produce highly 

crystallized and purified ZnO nanocrystals[8] with fine UV emission. On the other 
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hand, sol–gel techniques and sonochemical synthesis at room temperature are the 

methods usually used to obtain ZnO with highly visible emission as the resulting 

samples usually-still small enough- contain a lot of defects as they lose 

crystallinity[131-132].  

 

Scheme 2.1: Photoluminescent processes suggested for ZnO nanoparticles. (A) Typical exciton 

emission, (B) recombination of a shallowly trapped electron with a deeply trapped hole, and (C) 

recombination of a shallowly trapped hole with a deeply trapped electron. In order to simplify the 

maps, the shallow traps near the valence band (VB) and the conductance band (CB) are not 

marked here.[124] 

 

The photoluminescence of Zn(2.0cur)O, ZnO, and cur@ZnO were measured at 

three excitation wavelengths: 320 nm, 375 nm, and 425 nm (Fig. 2.10) in water. At 320 

nm excitation wavelength, ZnO shows two emission bands, one in the UV range at 

around 358 nm, which is associated with exciton emission, another in the visible range 

at around 560 nm, which originates from electron – hole recombination at the deep level 

caused by oxygen vacancy or zinc interstitial defects[124].  This result – the observation 

of a visible PL in water - by itself is unconventional and interesting given the fact that 
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even small amounts of water would kill ZnO PL- namely visible fluorescence- as 

hydroxyl groups coordinate on the surface of ZnO NPs. 

For the curcumin anchored on the surface of ZnO sample (cur@ZnO), the UV 

range emission band enhanced by ~6 folds, and the photoluminescence in the visible 

region was substantially quenched. Curcumin usually shows fluorescence in this region 

(around 530 nm), however its contribution in both Zn(cur)O  and cur@ZnO was 

minimum or negligible. Similar quenching behavior has been observed and reported for 

capped ZnO compared with the uncapped ZnO[124]. Interestingly, and in comparison to 

ZnO, the UV emission of Zn(cur)O at 358 nm increased by ~4 fold (lower than that of 

cur@ZnO) and the visible photoluminescence reduced  by ~ 10 folds. This trend has 

been related earlier to increased crystallinity and decreased surface defects[133]. Some 

polymer and/or organic ligands are thought to fill up (passivate) the defects on ZnO 

surface, which act as visible luminescence centers, resulting in quenching the ZnO 

visible emission and improving the UV emission[124]. This is what we think curcumin 

is doing. It is important to point out that the visible emission from ZnO cannot be fully 

explained by a single type of defect[134].  

The highest enhancement of UV exciton emission is for cur@ZnO due to 

physical adsorption as observed previously for PVP[135]. The visible emission band of 

Zn(cur)O  was found to be 10 nm red shifted compared to that of ZnO. Both Zn(cur)O 

and cur@ZnO gave an additional band at around 405 nm that was absent in ZnO. The 

emission line at 405 nm could be also related to defect emission caused by curcumin 

because we don’t see any such peak in ZnO. Changing the excitation wavelength to 375 

nm did not change the visible emission pattern of Zn(cur)O, cur@ZnO and ZnO; it was 

similar to the photoluminescence spectra observed at 320 nm excitation wavelength. 



 

32 
 

However, a line emission at 425 nm was observed for all three that could also be 

attributed to defect emission as this position (at around 420 nm) is reported in literature 

too[125]. The highest intensity was observed for ZnO then Zn(cur)O and cur@ZnO, this 

trend is opposite to what is observed at 320 nm excitation wavelength.  At excitation 

wavelength of 425 nm, ZnO is not expected to have a good photoluminescence behavior 

due to poor light absorption (absorbance) in contrast to curcumin which has a strong 

light absorption (absorbance) at this wavelength and a well-known response in this 

region. Thus, the contribution of fluorescence of curcumin relative to ZnO is substantial 

at this excitation wavelength and the emission is largely due to curcumin rather than 

ZnO, seen in water at ~530 nm[136]. The peak at 495 nm could be scattering. 

 

To examine the effect of solvent on the photoluminescence properties of 

Zn(cur)O,  measurements were done in ethanol and water as depicted in Fig. 2.11. The 

PL spectra of Zn(cur)O showed sensitivity to the solvent environment where the 

emission wavelengths at ~358 nm blue shifted to 352 nm while going from a more polar 

(water) environment to a relatively less polar (ethanol) one at excitation wavelength 320 

nm. Also, the broad peak around 405 nm in water became less broadened and blue-

shifted to 398 nm in ethanol. The emission at 530 nm appearing in ethanol is attributed 

to curcumin’s fluorescence and it should not be mistaken by the ~560 nm green 

emission observed in water (appearing very weak in fig. 2.11a, see inset for better 

visualization) attributed earlier to defects. Such effects due to solvent are expected for 

luminescent materials. Similarly, at excitation 425 nm which supposedly excites only 

curcumin, the photoluminescence intensity at 530 nm increased much more appreciably, 

> 10 fold, than in water. The emission line found in water around 495 nm is not detected 
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in ethanol. Thus, the increase in photoluminescence intensity is largely attributed to the 

fluorescence enhancement of curucmin rather than photoluminescence of ZnO as 

curcumin has a higher fluorescence quantum yield in ethanol compared to water[137]. 
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Figure 2.10: Photoluminescence spectra of Zn(cur)O, cur@ZnO and ZnO in water at room 

temperature at excitation wavelengths (a) 320 nm (b) 375 nm (c) 425 nm. 
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Figure 2.11: Effect of solvent on photoluminescence spectra of Zn(cur)O at excitation wavelengths 

(a) 320 nm (b) 425 nm  
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i. Effect of changing curcumin content on curcumin-ZnO PL 

The measurement of PL of Zn(xcur)O with different curcumin content in ethanol 

were recorded as shown in Fig. 2.12. At excitation wavelength 320 nm, the broad peak 

around 555 nm in PL spectra of Zn(0.5cur)O and the very weak peak around 400 nm in 

Zn(2.0cur)O blue shifted to ~530 nm and ~380 nm  respectively, whereas peak at 353 

nm maintained its position with curcumin change.  The UV and visible emission show 

similar trends where all peaks showed decreased PL intensity as the curucmin increased. 

It appears that curcumin, besides lowering the number of defects, might also be 

separating charges where the electron-hole recombination is prolonged leading to loss 

of the exciton UV emission. In the case of Zn(2.0cur)O, the blue emission was almost 

completely quenched confirming what we previously suggested of having curcumin 

introducing this type of defect. 

For an excitation wavelength at 375 nm, PL showed two peaks at ~ 421 nm and 527 nm 

showing opposite trends in intensity. The 527 nm peak of Zn(0.5cur)O had the lowest 

intensity and the other Zn(cur)O samples had comparable intensities. On the contrary, 

the 421 nm peak for Zn(0.5cur)O had a slightly higher intensity over the other samples 

of comparable intensities. The PL at 425 nm excitation showed a similar behavior as 

expected for curcumin band as seen in the preceding PL.   
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a

 

b

 

c  

Figure 2.12: Photoluminescence spectra of Zn(x.cur)O, in ethanol at room temperature at 

excitation wavelengths (a) 320 nm (b) 375 nm (c) 425 nm. 

 

i. Solid State Photoluminescence  

The solid state photoluminescence of powder Zn(x.cur)O was taken at different 

excitation wavelengths as given in Figure 2.13. The solid state PL is different from PL 

in solution and this is expected as the solvent environment directly or indirectly 

influences PL spectra in solution due to defects, whereas self-quenching of materials 

may shift the position of the spectrum and/or quench PL intensity in the solid state. The 

visible PL at 575 nm for the excitation wavelength at 320 nm decreased in comparison 
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to ZnO as the curcumin content was increased from 0.5 mg to 1.0 mg and 2.0 mg. The 

red shift of ZnO and Zn(cur)O visible PL compared to solution PL (water or ethanol) is 

expected because in the solid state the energy transfer or self-quenching is unavoidable. 

Two additional peaks at 400 nm and 423 nm were also found for ZnO, which decreased 

with the increase in curcumin content. For an excitation wavelength at 375 nm, it’s 

noticed that the 575 PL peak didn’t decrease substantially as before and the Zn(1.0cur)O 

and Zn(1.5cur)O peaks were almost similar in intensities, decreasing up to ~47% of the 

curcumin free ZnO intensity, except that Zn(1.5cur)O had a red shift by 10 nm. At 425 

nm excitation wavelength, a very weak peak at 475 nm was observed for ZnO. As for 

the Zn(cur)O, the PL looks similar to what is observed at excitation 375 nm.  
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Figure 2.13: Solid state Photoluminescence spectra at room temperature of ZnO and Zn(xcur)O at 

excitation wavelengths (a) 320 nm (b) 375 nm (c) 425 nm. 

 

C. Conclusion 

Curcumin conjugated ZnO nanostructures assembling into sub-micro grain-like 

structures were synthesized hydrothermally. The nanostructures synthesized possess the 

wurtzite hexagonal crystal structure of ZnO and show very good crystalline quality. 

FTIR spectra showed that the conjugation of curcumin to ZnO surface might be through 

the methoxy and/or hydroxyl groups present on its phenyl rings. The incorporation of 

curcumin into ZnO resulted in the enhancement of the exciton emission at 358 nm and 

the substantial decrease of the visible emission around 560 in comparison to ZnO PL. 

The compound’s PL depended on the curcumin’s concentration where increased 

curcumin content was accompanied by a decrease in the intensities of visible and UV 

emissions. Curcumin seemed to fill defects that were visible luminescence centers and 

at the same time prolonged e-h recombination resulting in lowering UV emission 

intensity. Solid state PL also showed –at different excitation wavelengths- that 

increased curcumin concentrations suppressed visible emission. The bare ZnO -prepared 

through the same method- showed, unexpectedly, visible PL in water. This could have 
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important applications in biological systems since the hindrance was always the loss of 

PL in water. 
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CHAPTER III  

APPLICATION OF CURCUMIN CONJUGATED ZnO FOR 

ENVIRONMENTAL APPLICATIONS 

A. Removal and Fluorescence Sensing of Arsenic 

1. Introduction 

Arsenic contamination in natural water renders the lives of millions of people 

around the world at risk. Exposure to arsenic over extended periods of time leads to 

serious health problems, such as cancers of liver, lung, kidney, bladder, and skin[138-

139] cardio vascular system problem[140], and affects the mental development of 

children[141]. Arsenic in natural water can be the result of leaching from arsenic 

containing source rocks and sediments. Its presence is generally associated to 

geochemical environments such as basin-fill deposits of alluvial lacustrine origin, 

volcanic deposits, inputs from geothermal sources, mining wastes and landfills[142-

143]. In 2001, the US Environmental Protection Agency (USEPA) lowered the 

maximum contaminant level (MCL) for arsenic in drinking water from 50 to 10 µg/L 

(0.01 ppm)[144] which rendered the drinking sources all over the world unacceptable. 

The arsenic contamination of the groundwater of West Bengal in India is classified an 

environmental disaster. Other countries as Bangladesh, New Zealand, USA, Pakistan, 

Taiwan, Japan, etc., also have this problem. Therefore, research on arsenic removal 

from drinking water using low-cost and simple methods has greatly increased. 

 

Arsenic exists in water as two major inorganic arsenic species, namely As(III) 

(arsenite, AsO3
3−

) and As(V) (arsenate, AsO4
3−

). The existence and ratio of these two 

forms of arsenic is dependent greatly on pH and the redox conditions of the 

environment in which they are present. Arsenates are stable under aerobic or oxidizing 
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conditions, while arsenites are stable under anaerobic or mildly reducing 

conditions[144]. Arsenite species exists in solution as H3AsO3 (arsenous acid) and 

H2AsO3
- 
(dihydrogen arsenite) with pKa values of 9.2 & 12.7 respectively, and also 

includes H4AsO4
-
. Arsenate species is present as H2AsO4

-
 (dihydrogen arsenate) and 

HAsO4
2-

(arsenate hydrogen ion) and the pKa values for arsenic acid (H3AsO4) are pKa1= 

2.3, pKa2=6.8, and pKa3=11.6[145]. Of these two redox states of As, arsenite As(III) is 

the more toxic form than arsenate. Also, arsenate is easier to remove from water than 

arsenite, as it is an ionic species in the pH range typically found in the aquatic 

environment[146]. Arsenite, on the other hand, exists in nonionic form H3AsO3 in 

natural water with pH value ranging from weakly acidic to weakly alkaline, which 

renders the adsorption performance of various adsorbents on As(III) poor[147-149]. It 

would require additional oxidizers to oxidize arsenite to arsenate if pH is less than 

10[146].Thus, oxidizing As(III) to As(V) and/or pH adjustment becomes necessary for 

its effective removal from water before coagulation–precipitation or adsorption 

processes[150-152]. As this would add to the complexity and cost of the treatment 

process, adsorbents able to effectively remove As(III) without the oxidation/pH 

adjustment is being developed.   

 

The conventional methods[144] for arsenic treatment include coagulation and 

flocculation, precipitation, adsorption, ion exchange, and membrane filtration. 

Alternative unconventional methods like ozone oxidation, bioremediation and electro-

chemical treatments are also used in the removal of arsenic.  Among the various arsenic 

removal techniques, adsorption seems to be the simplest, cost-effective, and safer to 

handle process than precipitation, ion exchange, and membrane filtration.  
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Adsorption is a process whereby solids remove substances from either gaseous or liquid 

solutions. It involves moving a substance from one phase by accumulating it at the 

surface of another by van der Waals forces and electrostatic forces between adsorbate 

molecules and the atoms which compose the adsorbent surface[144]. It’s a phenomenon 

observed in most natural physical, biological, and chemical systems. Thus, adsorbents 

require surface properties such as surface area and polarity and/or functionality. The 

solids employed in adsorption operations in industrial applications for water and 

wastewater purification are activated carbon, metal hydrides, and synthetic resins[144].  

Other sorbent materials have been also used, including amorphous iron hydroxide[153] 

and ferric hydroxide[154-156]. Other types of ferric products, such as ferrihydrite[157], 

silica containing iron (III) oxide[158], iron-oxide impregnated activated carbon[159], 

Ce(IV)-doped iron oxide[160], iron oxide-coated sand[161], iron(III)-Poly(hydroxamic 

acid) complex[162], ferric chloride[163], Fe(III)-doped alginate gels[164], 

nanocomposite adsorbent based on silica and iron(III) oxide[165], and iron oxide-coated 

polymeric materials[166] are also used in arsenic treatment.  It’s worth noting that 

As(V) was found to be easier to adsorb than As(III)[144].  Activated carbon is 

commonly used as the material in arsenic adsorption treatment [167-169]. The iron 

oxide impregnated activated carbon has shown higher As(III) and As(V) removal 

compared with the non-impregnated carbon. But the use of commercial activated carbon 

is not suitable for developing countries because of its high cost. Iron oxides also have 

been widely used as sorbents to remove contaminants from wastewater and liquid 

hazardous wastes. Removal has been attributed to ion exchange, specific adsorption to 

surface hydroxyl groups or co-precipitation[153]. Most adsorption onto alumina or 

carbon takes place within 24 h[170]. 
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Arsenic removal technology by adsorption with a commercial granular ferric 

hydroxide (GFH) has been developed in the early 1990s[155,171]. It can be applied in 

simple fixed bed reactors, similar to those for activated alumina or activated carbon. 

Simplified operation is a key benefit of the system, which will operate without the need 

for chemical pre-treatment or pH correction. Ruhland and Jekel[172] had evaluated 

three arsenic treatment techniques: direct filtration with FeCl3, adsorptive filtration with 

FeSO4 and adsorption on granulated ferric hydroxide (GFH) in a full scale water 

treatment plant. The adsorption on granulated ferric hydroxide is found to be the most 

preferred process for arsenic removal on the tested conditions providing greater 

operational reliability with least maintenance and monitoring efforts. Initial laboratory 

treatment studies with [As]initial = 9.8 mg/L and coagulant doses of 500 to 1000 mg/L of 

FeCl3 with  hydrated lime resulted in arsenic removal 98%–99%. As for [As]initial = 31 

mg/L with dosages of FeCl3 ranging from 200 to 1000 mg/L, 86%–93% arsenic 

removal were obtained. Multiple dosages of coagulants improved the degree of arsenic 

removal to 98%.  

Also, it had been reported[173]  the high and efficient  As(III) removal effect by 

ZnO micro-tubes. These ZnO micro-tubes successfully removed the As(III) 

contamination completely from natural water samples of Lake Yangzonghai with a 

relatively low material loading ( 0.06 g/L (60 ppm)). The As(III) concentration in this 

contaminated lake water sample dropped to ~10 µg/L in 30 min, and further dropped to 

zero within 4 h. 

Herein, we report the removal effect of the sub-micro curcumin linked ZnO 

structures (Zn(cur)O)synthesized via a simple precipitation process on As(III) with lab-

prepared samples near pH ~6. Promising results were obtained as the nanostructures 
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removed As(III) concentrations found in most arsenic-contaminated natural water 

bodies with very economical material loading and good capacities. The compound 

could be used as an effective and economical method for arsenic removal.  

 

2. Experimental 

The potential application of the ZnO/curcumin system for arsenic removal was 

tested in comparison with naked ZnO. The same general procedure was followed for 

different concentrations of arsenic, mainly 100 & 903 ppb, using samples of Zn(cur)O 

that differ by their curcumin content. Briefly, a stock of 0.2 g/L (200 ppm) Zn(cur)O 

(and ZnO) solution is prepared by dissolving 1mg of the compound in 5 mL deionized 

water. A secondary stock of 1 ppm arsenic is prepared from a primary stock Element 

Reference Solution (As2O3 As(III) oxide, 1000 ppm, Matrix: 0.5 M HNO3) supplied by 

Romil LTD and stored in the dark in a refrigerator. The stock solution was diluted to 

two initial As(III) concentrations (903 and 100 µg/L) as 903 µg/L falls in the high range 

of arsenic specie concentration found in natural water around the world, and 97.8 µg/L 

is in the middle to low range[173]. 

Using 1 ppm As stock solution, 100 ppb and 903 ppb arsenic concentrations were 

prepared by pipetting 1200 µL and 9500 µL respectively of the stock solution into a 

final volume of 12 mL. The final concentration of Zn(cur)O (for the different curcumin 

content and arsenic concentrations) was kept 42-43µg/mL for sake of comparison. The 

pH of the solution was about 6. During the As(III) removal experiment, and after adding 

the Zn(cur)O, the arsenic solution was placed on the vortex (speed was no more than 

1200 rpm) and left shaking to disperse Zn(cur)O particles and ensure its good contact 

with the arsenic contamination.  



 

45 
 

Based on the Linear Dynamic Range  indicated in the manual for arsenic measurements 

of the instrument used (LDR from 6 ppb up to 60 ppb), we set a low and a high standard 

concentration of 7 ppb and 55 ppb respectively. With proper dilutions, the samples were 

set to a final maximum arsenic concentration of 50 ppb. 

Portions of 1 mL were withdrawn at different time intervals, and dumped directly into a 

1 mL deionized water to obtain a final concentration of 50 ppb as a maximum. For the 

high arsenic concentration (903 ppb), proper dilution was also done. After dilution, the 

samples were filtered using a general use filter paper. The experiments were done in 

duplicate or triplicate and each measurement was repeated twice. For each set of 

measurements done together (7-8 samples), a series of 6 or 8 standards were freshly 

prepared. No calibration curve with a correlation coefficient R
2
 less than 0.98 

(minimum of 4 points) was accepted.  

 

Table 3.1. Concentrations and volumes used of As and Zn(cur)O in samples prepared 

 

 

Sample [As] ppb V(As) µL V(H2O) µL Zn(cur)O µL [Zn(cur)O] 

µg/mL 

ZnO 100 1200 8300 2500 42 

Zn(cur)O 

(1.0) 

100 1200 8300 2500 42 

Zn(cur)O 

(1.0) 

903 9500 - 500 43 

 

Measurements of arsenic concentration were analyzed by SOLAAR atomic 

absorption spectrophotometer (Thermo Labsystems) with ASX-510 autosampler, G95 

graphite furnace, FS95 furnace autosampler, PLATON Hg sampling, MILESTONE 
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Ethos Plus microwave labstation, and SOLAAR data acquisition and analysis computer 

software.  

The percentage adsorption of arsenic on adsorbate from aqueous solution was calculated 

as follows: Adsorption (%) = [(Cint - Cfin)/ Cint ]*100 where Cint and Cfin are the initial 

and final arsenic concentrations in the solution, respectively. 

 

3. Results and Discussion 

a. Removal of arsenic by Zn(cur)O 

When the initial As(III) concentration is 100 ppb (Fig. 3.1a), it is found that in 

just 30 minutes ~85, ~94, and ~90% of As(III) in the water sample could be removed 

with Zn(0.5cur)O, Zn(1.0cur)O, and Zn(2.0cur)O respectively, leaving As 

concentrations below MCL (7.865, 3.0845, and 4.679 respectively).  After 3 hours, the 

equilibrium As(III) concentration in the water sample was less than 5 ppb after the 

treatment, which meets the USEPA standard for arsenic in drinking water. Zn(1.0cur)O 

removed As(III) almost completely ([As]180 mins = 0.933 ppb) with the highest adsorption 

percent (98%) followed by Zn(2.0cur)O (96%) and Zn(0.5cur)O (92%). Bare ZnO 

removed ~ 52% of the initial arsenic concentration after half an hour ([As]60 mins ~20 

ppb) and ~72% after 3 hours ([As]180 mins ~ 14.6 ppb) failing to take arsenic down its 

MCL. When the initial As(III) concentration is 903 ppb ~71 and 67% of As(III) could 

be removed with Zn(1.0cur)O and Zn(2.0cur)O respectively in 30 mins. Even for such a 

high As(III) concentration, ZnO-curcumin nanostructures demonstrated an excellent 

removal effect given the low loading of 42 ppb (0.04 g/L). As(III) equilibrium 

concentrations of about 180 ppb were left after the treatment period of 3 hours 

achieving almost similar ~75% removal for both curcumin contents. Therefore, highly 
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efficient As(III) removal is possible with these curcumin-ZnO sub-micro-granules 

requiring no pre-treatment (oxidation and/or pH adjustment) and post treatment pH 

adjustment. It is expected that doubling or tripling the loading amount will remove the 

903 ppb As contamination completely, even then the material loading is still considered 

economical. 
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Figure 3.1: Adsorption kinetics of As(III) on Zn(xcur)O and ZnO: a initial As(III) concentration is 

100 µg/L and b initial As(III) concentration is 903 µg/L 
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Figure 3.2: (a) and (b) Pseudo-second-order rate kinetic model fitting of the adsorption kinetics 

studies demonstrated in Fig. 3.1a and 1b, respectively. (c) and (d) Pseudo-first-order rate kinetic 

model fitting of the adsorption kinetics studies demonstrated in Fig. 3.1a and 1b, respectively. (e) 

kinetics of arsenic adsorption (100 ppb) according to the intraparticle diffusion model for 

Zn(1.0cur)O 

 

 

Chemical kinetics is the study of rates of chemical processes and factors that 

affects reaching equilibrium in a reasonable duration. It also gives clue on the 

mechanism of the adsorption process, in addition to estimation of the loading of the 

adsorbent at equilibrium (capacity). To investigate the mechanism of adsorption, the 

Lagergren pseudo first-order and Lagergren pseudo second-order equations were used 

to test the experimental data of different curcumin content in the ZnO adsorbent. These 

are the common kinetic models. The linearized pseudo-first-order equation can be 

presented as[174]: 

Ln (qe-qt) = -k1t + ln qe                  (eq. 3.1)  

where qe and qt are the capacities (mg g
-1

) of arsenic adsorbed at equilibrium and at time 

t, respectively, and k1 is the pseudo-first-order rate adsorption constant (mg g
-1

 min
-1

).  
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Plot of ln (qe-qt) versus t for an adsorbent yields a straight line if the adsorption process 

follows pseudo-first-order kinetic behavior, usually governing the first 20-30 minutes of 

interaction. The rate constant was found to be dependent on the initial concentration of 

the adsorbate and varying greatly depending on the adsorption system. 

The linearized pseudo-second-order equation is given as:  

t/qt = t/qe + 1/(k2 qe
2
)                  (eq. 3.2) 

k2 is the pseudo-second-order rate constant and it depends on the operating conditions, 

such as initial pH and solution concentration, temperature, agitation rate, etc[174]. (All 

these parameters were kept constant for all the experiments). k2 would decrease as the 

initial solution concentration increase as it takes a longer time to reach equilibrium. 

If the adsorption system follows a pseudo-second-order kinetics, then a plot of t/qt 

versus t would be linear and k2 and qe can be determined from the intercept and slope of 

the graph Eq. (3.2). Unlike the pseudo first order equation, the pseudo second order rate 

equation is likely to predict the behavior over the whole range of adsorption and the rate 

limiting step is assumed to be chemical adsorption[175] involving valency forces 

through sharing or the exchange of electrons between the adsorbent and the metal ion. 

The amount of arsenic adsorbed at equilibrium was calculated by: 

qe=V(Co‐Ce)/m           (mg g
-1

)                   (eq. 3.3) 

where Co and Ce are the initial and equilibrium concentration (mg/L) respectively, m is 

the mass of dry adsorbent used (g) and V volume of solution (mL). 

The kinetic study results could be best fitted into a pseudo second- order rate kinetic 

model as demonstrated in Fig. 3.2a and b. The kinetic parameters obtained in fitting the 

experimental data are summarized in Table 1. The applicability of the pseudo-second-

order rate model was evaluated by the square of the correlation coefficient R (R
2
), and 
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its closeness to 1 indicates that the model fits the experimental data accurately. The 

correlation coefficients for the second-order kinetic model are greater than 0.999 for all 

the fits.  

Due to the differences in the experimental conditions, it is not possible to 

directly compare the adsorption efficiency among reports in literature. However, a 

rough comparison can be made. For instance, concerning relatively high arsenic 

concentrations, Yang and co-workers[173] synthesized ZnO micro-tubes which have a 

large specific surface area.  In their study, the initial As(III) solution concentration is 

0.9032 mg/L, pH value at 7.0, and the amount of ZnO loading at 0.08 g/L, the kad is 

determined at 0.005 mg
-1

 g min
-1

; it increases to 0.015 mg
-1

 g min
-1 

upon loading with 

0.1 g/L. In our study, having the same initial As(III) concentration, pH value at 6, and 

much lower adsorbent loading of  43 µg/L, the kad is determined to be higher (0.0096 

and 0.0057 mg
-1

 g min
-1 

for Zn(1.0cur)O and Zn(2.0cur)O respectively) (Table 1). For 

the low arsenic concentration range, the aforementioned study obtained 0.007 mg
-1

 g 

min
-1

 kad with an initial As(III) solution concentration of 0.0978 mg/L, pH value at 7.0, 

and the amount of ZnO loading at 0.01 g/L (10 mg/L). In comparison, for almost similar 

As concentration of 0.1 mg/L and material loading 230 times less, we obtained much 

higher kad of  0.837, 5.99, and 1.05 mg
-1

 g min
-1

 for curcumin contents of 0.5mg, 1.0mg, 

and 2.0mg respectively. These ZnO micro-tubes themselves have surpassed the 

nanocrystalline TiO2 with a large specific surface area of 330 m
2
/g synthesized by Meng 

and co-workers[173]. In their study, the initial As(III) solution concentration is 2.0 

mg/L, the pH value is 7.0, and the amount of TiO2 is 0.2 g/L. They reported kad to be 

0.00025 mg
-1

 g min
-1

. The surface area of the adsorbent is not the only property that 

ensures the efficiency of the adsorbent; other factors are critical which include the type 
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and number of surface functional groups on the adsorbents. And as the surface area of 

these nanostructures is no greater than the nanocrystalline TiO2 and probably the ZnO 

microtubes, these significant results suggest that curcumin conjugated ZnO 

nanostructures possess an excellent affiliation to As(III) due to the functionalities of the 

curcumin. 

 
Table 3.2: Kinetic parameters of Zn(x.cur)O nanostructures adsorption on As(III) at initial 

concentrations of: (a) 100 ppb and (b)903 ppb 

 

a) qe(cal) (mg g
-1

) kad (mg
-1

 g min
1
)      R

2 

Zn(0.5cur)O 0.4655 0.8367 0.9999 

Zn(1.0cur)O 0.4922 5.9892 0.9999 

Zn(2.0cur)O 0.4836 1.0542 0.9996 

 

b) qe(cal) (mg g
-1

) kad (mg g
-1

 min
1
) R

2 

Zn(1.0cur)O 31.5160 0.009579 0.9993 

Zn(2.0cur)O 30.4785 0.005681 0.9996 

 

 

The sorption kinetics can also be described from a mechanistic point of view. 

The adsorption process may be controlled by one or more steps, e.g. film or external 

diffusion, pore diffusion, surface diffusion and adsorption on the pore surface, or a 

combination of more than one step[176]. A process is diffusion-controlled when its rate 

depends on the rate at which components diffuse towards one another. The possibility 

of intra-particle diffusion was explored by using the intra-particle diffusion model, 

according to the equation: qt = kid t
0.5

     (eq. 3.4) 

Where kid is the intra-particle diffusion rate constant (mg/(g.min
0.5

). If the so-called 

Weber–Morris [27] plot of qt versus t
0.5

 gives a straight line, then the sorption process is 
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controlled by intra-particle diffusion only. However, if the data exhibit multi-linear 

plots, then two or more steps influence the sorption process. It is assumed that the 

external resistance to mass transfer surrounding the particles is significant only in the 

early stages of adsorption: this is represented by the first sharper portion. The second 

linear portion is the gradual adsorption stage with controlling intra-particle diffusion. 

Fig. 3.2e presents the plots of 100 ppb arsenic uptake versus t
0.5

 for Zn(1.0cur)O. 

Similar multi-linear plot profiles were obtained for all the adsorbents presented in figure 

3.2 a and b. In the figure 3.2e, the data points are related by two straight lines – the first 

straight portion depicting macropore and mesopore diffusion and the second 

representing micropore diffusion. The deviation of straight lines from the origin (Fig. 

3.2e) may be due to difference in rate of mass transfer in the initial and final stages of 

adsorption. The slope of the plot is defined as a rate parameter, characteristic of the rate 

of adsorption in the region where intra-particle diffusion is rate controlling. 

The arsenic species present at pH 6 is H3AsO3. As(III) species is thought to 

adsorb on the phenyl rings of curcumin band/or to the hydroxyls groups. One might 

argue that if this’s the case, higher curcumin content should reflect a higher adsorption 

capacity, which is not seen in the results. In fact, the higher curcumin content (2 mg) 

incorporated in ZnO could be blocking the adsorption sites by stacking of phenyl rings 

or hydrogen bonding of hydroxyl groups of curcumin preventing adsorption of As(III). 

 

b. Sensing of arsenic by Zn(cur)O 

The sensing of arsenic was done for two concentration ranges: from 0 to 1000 

ppb (1 ppm) and from 1 ppm to 10 ppm; thus, stock solutions of respectively 3 ppm and 
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30 ppm of arsenic in water were used for this purpose. A stock solution of 0.3 g/L 

Zn(cur)O (1.0) in ethanol was also prepared. Zinc oxide was tested as a control for 

arsenic removal, following the same procedure. The following samples were prepared 

with a final volume of 3 mL setting the final concentration of Zn(cur)O to 0.1 g/L. The 

samples were prepared as following. 

 

Table 3.3: Concentrations and volumes used of As and Zn(cur)O in samples prepared 

▲using 3 ppm stock
 
▼using 30 ppm stock 

 

Zn(cur)O µL [Zn(cur)O] 

g/L 

V(As) 

µL 

V(H2O) 

µl 

[As] ppb ▲  [As] ppm ▼
 

1000 0.1 100 1900 100 1 

1000 0.1 200 1800 200 2 

1000 0.1 300 1700 300 3 

1000 0.1 500 1500 500 5 

1000 0.1 700 1300 700 7 

1000 0.1 800 1200 800 8 

1000 0.1 1000 1000 1000 10 

 

 

The steady-state fluorescence (emission and excitation) measurements were 

recorded with resolution increment 1 nm, slit 5 using Jobin-Yvon-Horiba Fluorolog III 

fluorometer and the FluorEssence program. The excitation source was a 100 W Xenon 

lamp, and the detector used was R-928 operating at a voltage of 950 V. 

The emission spectra were obtained for excitations at 280 nm and 425 nm. 
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Figure 3.3: Fluorescence sensing of As in the concentration range 1 to 10 ppm using ZnO 

450 500 550 600 650 700
0.0

8.0x10
4

1.6x10
5

2.4x10
5

3.2x10
5

0 ppm

1 ppm

 Zn(cur)O 

 Zn(cur)O + 1ppm As

 Zn(cur)O + 2ppm As

 Zn(cur)O + 3ppm As

 Zn(cur)O + 7ppm As

 Zn(cur)O + 9ppm As

 Zn(cur)O + 10ppm As

F
lu

o
re

s
c

e
n

c
e

 I
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

10 ppm

 

Figure 3.4: Fluorescence sensing of As in the concentration range 1 to 10 ppm using Zn(1.0cur)O 
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Figure 3.5:  Fluorescence intensity response of Zn(1.0cur)O and Zn(2.0cur)O in the As 

concentration range 200 to 1000 ppb at excitation wavelength 425 nm and emission wavelength 550 

nm. 
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Figure 3.6:  Fluorescence intensity response of Zn(2.0cur)O in the As concentration range 0 to 

10000 ppb (10 ppm) at excitation wavelength 425 nm and emission wavelength 550 nm. 
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ZnO didn’t show any systematic fluorescence alteration in both the range of 

arsenic concentrations used at excitation wavelengths 280 nm (Fig. 3.3) and 425 nm 

(not shown), which limits use of ZnO to sense As. However, Zn(cur)O (1.0) showed an 

increased photoluminescence (PL) intensity with increasing [As] from 1 to 10 ppm (Fig. 

3.4). To test effect of curcumin concentration in Zn(cur)O, a comparison was made for 

response for Zn (1.0cur)O and Zn (2.0cur)O as depicted in Fig. 3.5 in the concentration 

range 0 to 1000 ppb and both of them showed good linear change in fluorescence 

signal. The higher fluorescence intensity change for Zn(2.0cur)O is due to higher 

fluorescence of Zn(2.0cur)O compared to Zn(1.0cur)O as found in fluorescence 

spectroscopic study in Chapter 2. Further, the response was extended up to 10000 ppb 

(10 ppm) using Zn(2.0cur)O as fluorescence probe for sensing application. As shown in 

Fig. 3.6 the fluorescence response showed an exponential increase and at higher 

concentration it started saturating. From Fig. 3.6 it can be estimated that the linear 

changes for sensing application is till around 3000 ppb of As, where the present method 

could be applicable to determine As in water samples. 
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B. Curcumin-sensitized ZnO for enhanced photodegradation of PAHs under 

sunlight 

1. Introduction 

 Polycyclic aromatic hydrocarbons (PAHs) are hydrocarbons containing two or more 

fused benzene rings. PAHs exhibit different physical and chemical properties depending 

on their molecular weight[177]. PAHs are neutral nonpolar compounds that are highly 

stable which makes it a difficult task to get these compounds to be degraded. Generally, 

as the number of fused benzene rings in PAHs increase, its hydrophobicity increases 

and its solubility and volatility decrease. As PAHs accumulate in soil, water, and air 

causing environmental pollution, humans are exposed to these chemicals as part of 

everyday living. They come at the top of the pollutants list of US EPA and European 

Union, especially those with four or more rings, due to their toxic, mutagenic, and 

carcinogenic potential [178]. PAHs can act as an endocrine disruptor or 

carcinogenic/mutagenic affecting growth, reproduction, the immune system and even 

survival of exposed organisms. These compounds are introduced to the environment 

through natural and anthropogenic processes. The main natural sources are volcanic 

eruptions and forest and prairie fires, which introduce PAHs into the atmosphere[179]. 

Also, fungi are proposed to be the major precursor carriers for perylene in 

sediment[180]. Anthropogenic sources of PAHs include oil spills from crude and 

refined petroleum, introduced to aquatic environments through accidental discharge 

from tanks and municipal and urban pipes. These sources were found to yield high 

molecular weight PAHs[181-183]. On the other hand, the generation of low molecular 

weight PAHs is produced by incomplete combustion of fossil fuels (coal and petroleum) 

and biomass at high temperatures, such as burning wood, which are released into the 
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environment in the form of exhaust and solid residues[184-187]. Also, smoking, gas 

cooking, unvented kerosene heating, and heating appliances can significant sources in 

indoor air[188-189].  

Effective and economic methods to decontaminate water are needed. PAHs 

contaminated water can be processed efficiently by biological treatment plants or by 

adsorption with activated carbon or other adsorbents, or by conventional chemical 

treatments (thermal oxidation, ozonation, chlorination, potassium permanganate, 

etc.)[190]. However, these procedures have failed to achieve the purity required by law 

in certain cases and conditions. One of the major transformation processes resulting in 

the degradation of PAHs and other contaminants in water is photolysis. In these sunlight 

photo-alteration processes, highly reactive intermediates are generated; mainly hydroxyl 

radical (
•
OH), a powerful non-specific oxidant (E◦ = 2.8 V)[190].  

 

Oxidation processes have been developed as solutions to remove persistent 

organic pollutants dissolved in the aquatic environment. These so called Advanced 

Oxidation Processes (AOPs) are based on catalytic and photochemical reactions to 

change profoundly the chemical structure of pollutants[190]. They can be used alone or 

in combination with conventional methods [191].These photocatalytic oxidation 

processes (PCO) employ the use of semiconductor materials (ZnO and TiO2) for the 

removal of the residual concentrations of several PAHs from groundwater below the 

standard levels. Advantages of the photocatalytic process over other techniques include 

its mild operating conditions and its reliance on sunlight as the power source, thus 

reducing significantly the operating costs of electric power required.  
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PCO is a process that mainly relies on the generation of reactive 
•
OH to trigger 

oxidative degradation. Other reactive species such as superoxide radical anions (
•
O2

−
) 

and h
+
 on catalyst molecules also leads to the formation of detected intermediates[192].  

 

Many semiconductors such as TiO2, WO3, ZrO2, SnO2, Fe2O3, CdS, ZnS, WS2 

and MoS2 among which is ZnO have been tested for the photocatalytic degradation of 

various environmental contaminants[35]. The pre-requisite for an efficient 

semiconductor catalyst is that the valence band and conduction band (CB) of the 

catalyst should be positioned in such a way that the oxidation potential of the hydroxyl 

radical (Eo (H2O/
•
OH) = 2.8V vs. NHE) and the reduction potential of superoxide 

radical (Eo (O2/O
•
2

- 
) = -0.28V vs. NHE) lie well within the band gap [193]. TiO2, ZnO 

and ZrO2 suit this criterion compared to other catalysts. In fact, some recent 

experimental results have shown that ZnO had higher photocatalytic activities than TiO2 

and other semiconductor catalysts such as CdS, WO3, Fe2 O3, SnO2 and ZrO2 especially 

for dye degradation in aqueous solutions[194-197]. An additional advantage of ZnO is 

its low cost and that it absorbs over a larger portion of the solar spectrum than TiO2[194]. 

For this reason, ZnO is considered the most suitable photocatalyst for photocatalytic 

removal in the presence of sunlight. Since the minimum energy required for excitation 

of an electron for ZnO is 3.2 eV, which corresponds to 387.5 nm, and UV light (<387 

nm) in solar light is less than 4%, the application of ZnO is limited. To expand the use 

of ZnO photo-response to the visible region, surface modification and dye sensitization 

are effective methods that are similar to previously reported TiO2 modification 

techniques. 
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Table 3.4: The conduction band and valence band positions of common semiconductors catalysts at 

pH 1. [35] 

 

 

In their recent work, Kou et al. [198] showed that GaN:ZnO has excellent 

activity for the photodegradation of PAHs, with the following order of effectiveness: 

phenanthrene> benzo[a]anthracene > anthracene > acenaphthene, with complete 

degradation after 1, 3, 6 and 8 h, respectively. On the other hand, Dass et al. [199] tested 

the degradation of acenaphthene, anthracene, fluorene and naphthalene in aqueous 

suspension of TiO2 under UV and natural light irradiation, which came out to be highly 

effective due to the formation of hydroxyl and superoxide radicals. In another study, 

Ireland et al. [200] obtained half-lives of 2.7 h in the case of anthracene and 380 h for 

fluoranthene using TiO2. Wen et al. [201] found that phenanthrene (PAH of low 

solubility) in aqueous TiO2 suspensions under UV light irradiation was completely 

degraded after 40 minutes without significant effect of pH or amount of photocatalyst 

on degradation.  
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Principle of ZnO photocatalysis and mechanistic pathways[35]: In 

heterogeneous photocatalysis, the increase in the rate of a thermodynamically allowed 

(∆G<0) reaction in the presence of photocatalyst is due to the arise of new reaction 

pathways of photogenerated species and a decrease of the activation energy[202-203].  

Under UV light irradiation, ZnO absorbs energy of equivalent or greater than its band 

gap energy and the electron is excited from the valence band VB to the conduction band 

CB. The wavelength for UV light energy typically corresponds to λ < 387 nm. The 

excitation leaves behind a positive hole in the VB creating the electron–hole pair (e-h
+
). 

The e
-
/h

+
 pair should be trapped by electron and hole scavengers to avoid its 

recombination. The positive hole is a strong oxidant which can either directly oxidize 

adsorbate pollutants or react with electron donors such as water or hydroxyl ions (OH
-
) 

to form hydroxyl radical (
•
OH), which is also a potent oxidizing agent. As for the 

electron in the CB, it can be scavenged by one of the efficient electron acceptors like 

molecular oxygen (O2). Through the reduction of O2 with electron, reactive superoxide 

radical anions (O
•
2

-
 ) are produced. Together with other oxidizing species such as 

hydroperoxyl radicals (HO
•
2) and hydrogen peroxide (H2O2) additional 

•
OH radicals are 

generated. 

Essentially O
•
2

-
 , HO

•
2, and 

•
OH  radicals as well as photogenerated holes (h

+
) are highly 

reactive intermediates that will attack repeatedly in the reacting system and ultimately 

lead to complete mineralization of the organic pollutants.  

As Zn(cur)O showed sensitization to visible light upon anchoring the natural dye 

curcumin to the photocatalyst, an increased  photo-activity of the novel photocatalyst 

was expected and thus it was tested under sunlight. In line with exploring the 

environmental applicability of Zn(cur)O as a detoxifying material, the degradation 
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activity of the compound was tested on PAHs; mainly perylene, fluoranthene, and 

chrysene.   

 

2. Experimental 

Prepare 30 mL of 50 µM (12.6 µg/L) perylene from 1 mM stock solution 

(perylene in acetonitrile). Add 5 mg of Zn(cur)O (1.0) into the pervious solution while 

stirring (167 mg/L). Immediately withdraw 5 mL of the solution after centrifuging or 

allowing the compound (Zn(cur)O) to settle down to make sure no Zn(cur)O is being 

withdrawn along. Measure UV of the sample withdrawn. Keep stirring and repeat the 

UV measurements as indicated after 10-20 minutes interval depending on the rate of 

degradation. The same procedure was followed with fluoranthene (11.4 µg/L) and 

chrysene (11.1 µg/L). The catalytic degradation was studied by recording absorption 

spectra at room temperature using a JASCO V-570 UV-VIS-NIR Spectrophotometer. 

  

3. Results and discussion 

The photo catalytic activity of ZnO and Zn(cur)O were investigated using 

perylene. The catalytic degradation of perylene (Fig. 3.7) was monitored by UV-visible 

spectrophotometer at 406 nm wavelength for various time intervals after filtering out 

Zn(cur)O. Fluoranthene was monitored at 280 nm and chrysene at 360 nm. As shown in 

Fig. 3.7a the absorbance of perylene continued to decrease with time indicating its 

degradation. Note that the degradation process is so fast and onsets as soon as Zn(cur)O 

is added to perylene as noted from the absorbance recorded just before any addition of 
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the photocatalyst and immediately after mixing and filtering out Zn(cur)O.  It was 

observed that the extent of doping affected the rate of degradation of perylene. 

The change in absorbance with time during catalytic degradation of perylene by 

Zn(cur)O is given in Figure 3.7b,c. The data fitted well to a first order rate law as: 

- d [PAHs]

dt
= k [PAHs]     (eq. 3.4) 

where k is the first order rate constant. The half-life of the reaction, which is 

independent of initial concentration, was used to compare activities of different 

Zn(cur)O and ZnO. The half-life was calculated as: 

𝑡1/2 =  
𝑙𝑛( 2)

𝑘
                    (eq. 3.5) 
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Figure 3.7: (a) UV-visible absorption spectra of perylene during degradation by Zn(cur)O; (b) Plot 

of change absorbance change with time, the fitting shown a first order rate equation 

 

It was found that when 0.5 mg of curucmin was used during synthesis of 

Zn(cur)O, the half-life reduced about 24 % than that of bare ZnO. Such an increase is 

expected as the curcumin incorporation allows exploiting the sun’s visible light energy 
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and thus a faster degradation is expected. There was a slight decrease in half-life when 

1.5 mg of curcumin was incorporated. It is clear that the extent of curcumin doping 

during preparation of Zn(cur)O affects the catalytic activity of Zn(cur)O in some way.  

The recyclability of Zn(cur)O was tested where the degradation of perylene was studied 

in three  consecutive cycles by reusing the same compound over and over again. The 

half-life of perylene degradation increased exponentially in each cycle indicating that 

the catalytic activity of Zn(cur)O gets reduced hugely.  

 

The degradation of other PAHs like chrysene and fluoranthene (Fig. 3.9 and 

3.10 respectively) was also tested by the suggested Zn(cur)O catalyst. In comparison to 

perylene, it was found that the half-life reduced appreciably by 33 % for chrysene and 

remarkably by 99 % for fluoranthene (Fig. 3.10). A possible explanation for this 

increase in the rate of degradation when going from perylene to chrysene then to 

fluoranthene is the decreased number of aromatic rings or in other words the loss of 

conjugation that confers stability and resistance to the molecule. In fact, fluoranthene is 

a non-alternate PAH (presence of a 5 membered ring) whereas both perylene and 

chrysene are alternate PAHs, with perylene having more cyclic rings than chrysene. 

Thus, perylene and chrysene- being highly aromatic and more stable than fluoranthene- 

are expected to be less easily degraded compared to fluoranthene as confirmed by the 

results. It’s worth noting, that the relatively low Zn(cur)O loading of 167 mg/L showed 

good degradation ratios of 88% for relatively high concentrations of 12.6 µg/L perylene 

after 3.4 h, 93% for 11.4 µg/L fluoranthene in 25 minutes and 11.1 µg/L chrysene in 2.2 

h. 
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Figure 3.9: UV-visible absorption spectra of chrysene during degradation by Zn(cur)O 
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Figure 3.10: UV-visible absorption spectra of fluoranthene during degradation by Zn(cur)O 
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a.   

b.  

Figure 3.11: (a) Structure of perylene, chrysene and fluoranthene.(b) Comparison of half-life value 

during PAHs degradation by Zn(cur)O. 

 

 

The light utilized is that of sunlight (i.e., both UV and visible light). Photolysis 

is one of the major transformation processes affecting the fate of PAHs in the aquatic 

environment. Sunlight photoalteration processes are well known to play an important 

role in the degradation of PAHs and other contaminants in water by generation of 

highly reactive intermediates, mainly hydroxyl radical (
*
OH), a powerful non-specific 

oxidant (E◦ = 2.8 V)[190]. PAHs’ degradation could be due to direct photolysis since 

those compounds absorb light in the 200–400 nm range which overlaps the emission 

spectrum of sunlight. However, under sunlight and with no photocatalyst, the PAHs are 

found to degrade slowly compared with the reaction rates in the presence of 

photocatalysts, especially ZnO. Based on a work done on the “removal of polycyclic 

aromatic hydrocarbons (PAHs) from groundwater by heterogeneous photocatalysis 

under natural sunlight”[190], 12% of 2-5 µg/L of fluoranthene remained after only 10 

minutes with ZnO loading of 150 mg/L in comparison to 40% remaining after 50 

Per Chy Flu
0

10

20

30

0.1

23.8

t 1
/2

PAHs

35.4



 

70 
 

minutes due to photolysis. The result of the current work is a 93% removal (7% 

remaining) of 11.4 µg/L fluoranthene with 167 mg/L Zn(cur)O loading after 10 

minutes, which is comparable to the result obtained when the photocatalyst ZnO was 

present. This clearly rules out photolysis and attributes the degradation to the act of the 

photocatalyst used, i.e., to photocatalysis. The obtained results are quite promising if we 

take into consideration the moderate set of working conditions. For instance, the O2 

requirement was provided by simply letting air go through the Erlenmeyer’s opening, 

unlike other experiments where oxygen is purged continuously into the solution. 

Another important parameter which has a significant effect on the rate is the light 

intensity which is considered weak in comparison to higher intensities used in studies.  

 

Photocatalytic reaction mechanism in the ZnO/curcumin system 

For dye sensitization to be possible, the conduction band edge of the ZnO must 

be lower (more positive) than the LUMO level of the dye molecule, so that the excited 

electron of the dye can be injected into the semiconductor’s conduction band (CB). The 

reduction potential of the organic contaminant must be higher (more negative) than the 

HOMO of the dye molecule. This condition is satisfied for the ZnO/curcumin system.  

Therefore, upon the photo-excitation of Zn(cur)O by a light with λ ≥ 445 nm and the 

consequent generation of electrons (e) and holes (h) in the conduction band (CB) and 

valence band (VB) respectively of curcumin, the excited electron  is injected into the 

conduction band of ZnO (Eq. (2)). Then, the electron in the conduction band (e
−

CB) is 

transferred to molecular oxygen, leading to the formation of a series of radicals, which 

are active oxidizers capable of degrading organic pollutants in the system (PAHs) (Eqs. 
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(3)–(8)).  Subsequently, the pollutants can be degraded through a variety of paths 

(Eq.11). 

Positive holes are thought to be trapped at the semiconductor's surface and that 

they would readily react with surface absorbed water molecules or hydroxyl groups 

forming hydroxyl radicals (Eq. 9,10) [204-207] It is also proposed that holes can 

directly oxidize adsorbed organic molecules resulting in the formation of organic radical 

cations [208-209]which will subsequently undergo further oxidation and thus 

degradation. Scheme 3.1 summarizes the mechanism. 

 

Scheme 3.1: Schematic representation of the electron and hole transfer processes in the 

ZnO/curcumin systems. 

 

 

ZnO photocatalytic mechanism has been proven to be similar to that of TiO2[210]. 

The suggested working mechanism is summarized in the  following equations (1)–

(11)[211]: 

Curcumin/ZnO + visible light  curcumin
*
/ZnO            (1) 

curcumin
*
/ZnO  curcumin

*+
/ZnO + e

-
 CB                       (2) 

e
-
 CB + O2  

•
O2

-                                                                                                    
(3) 
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H2O + 
•
O2
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•
OOH + OH

-                                                                            
(4) 

2 
•
OOH  O2 + H2O2                                                           (5)     

•
OOH + H2O + e

-
 CB  H2O2 + OH

-
                                     (6) 

H2O2 + e
-
 CB  

•
OH + OH

-
                                                    (7) 

H2O2 + 
•
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- 
 

•
OH + OH

-
 + O2                                            (8) 

H2O ads + h
+
 

•
OH ads + H

•
                                                  (9) 

OH
- 
+ h

+
 

•
OH                                                                     (10) 

•
OH /

•
O2

- 
/ curcumin

•+
 + pollutants (PAHs)  degraded products           (11)  

 

The photo catalytic study revealed that Zn(cur)O can decompose to a far extent 

high concentrations of perylene, fluoranthene, and chrysene faster than ZnO depending 

on the extent of curcumin usage during synthesis. The degradation was found to be 

faster for PAHs having less number of aromatic rings, particularly, it was exceptional 

for flouranthene degradation; 93% removal (7% remaining) of 11.4 μg/L fluoranthene 

with 167 mg/L Zn(cur)O loading after 10 minutes was achieved.  

With a very low material loading (43 ppb), the Zn(cur)O nanostructures removed the 

As(III) contamination below the MCL from 100 ppb samples within 30 minutes, and 

almost to zero within 3 hours. Bare ZnO didn’t bring down the arsenic contamination 

below its MCL even after 3 hours. The compound reached up to 75% 

removal/adsorption capacity with 903 ppb concentrations after 3 hours with the same 

loading, which reflects the excellent capacity of removal for such a high arsenic 

concentration. Kinetics of adsorption fitted very well to pseudo second order model 
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with exceptional adsorption rates that reflected the high affinity of the compound to 

As(III). Fluorescence sensing of arsenic for concentrations from 1 to 100 ppm was 

successful by Zn(cur)O, however, the fluorescence response started saturating after 

3000 ppb of As.   
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CHAPTER IV  

TUNING GOLD NANORODS SYNTHESIS THROUGH PRE-

REDUCTION WITH CURCUMIN 
 

A. Experimental 

1. Materials 

Gold (III) chloride hydrate (99.999% trace metal basis) was obtained from 

Aldrich. Hexadecyltrimethyl-ammonium bromide (CTAB) (Acros Organics). Ascorbic 

acid (Fluka). Curcumin (Sigma). Trisodium citrate dehydrate and silver nitrate were 

obtained from Sigma-Aldrich. Sodium borohydride was obtained from Acros Organics. 

DMSO was obtained from Merck and absolute ethanol from Sigma-Aldrich. All these 

chemicals were used directly without further purification. Stock solutions were prepared 

in de-ionized water unless otherwise indicated.  

 

2. Synthesis 

a. Synthesis of gold nanorods from Citrate capped gold seeds (Procedure A) 

In a typical experiment, 2.5 mL of a 0.01M H[AuCl4].3H2O solution and 3.6445 

g (CTAB) were replenished in a 100 mL volumetric glass flask. For completely 

dissolving the CTAB powder, it was necessary to keep this solution at elevated 

temperature (33◦C) for at least 2 hours. This solution, which contained 0.1M CTAB and 

2.5 × 10
-4 

M   H[AuCl4].3H2O, was used as growth solution. During the dissolution of 

the CTAB in the above growth solution, a seed solution containing small gold particles 

was prepared as follows: a volume of 0.5mL of 0.01M H[AuCl4].3H2O solution (5× 10
-6 

mol, volumetric glass flask, not cooled) was added to 18.4mL of ice-cooled deionized 
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water in a wide-necked PE-flask (PE = Poly-Ethylene).Thereafter, 0.5 mL of freshly 

prepared 0.01M sodium citrate solution (5× 10
-6 

mol, solution in a volumetric glass 

flask, not cooled) was added. Thereafter, immediately 0.6 mL of freshly prepared 0.1M 

NaBH4 solution (in a glass vessel) cooled in an ice-bath was added, and the resulting 

solution was stirred for 30s. The solution turned red (after 24 h, particles of ~ 8nm 

formed). For the following final reaction steps, cooling was not required. 80 μL of a 

freshly prepared 0.1M curcumin solution (8.0× 10
-6 

mol) was added without stirring to 

14.4mL of the growth solution (age between 2 h and 24 h, containing 3.6 × 10
-6

 mol 

gold). The solution was mixed by shaking, whereupon the solution became brighter 

yellow. After addition of 16 μL of seed solution (age between 2 h and 24 h, containing 

4.0× 10
-9 

mol gold), the solution was mixed by shaking and became brownish. Then the 

test tubes were placed in a water bath at 33◦C overnight and then stored in a refrigerator 

(temperature ≈ 6◦C) to precipitate a major fraction of CTAB. Samples were withdrawn 

from the bottom precipitate and centrifuged at low speeds to separate the rods from the 

spheres. However, this method wasn’t very efficient in separation. The same procedure 

was done except the growth solution containing the curcumin was adjusted pH to 9.2-

9.6. Normally the solution pH is ~5. 

 

b. Synthesis of gold nanorods from CTAB capped gold seeds (Procedure B) 

The gold nanoparticle seeds were prepared as follows [212]: 250 μL of a 10.0 

mM aqueous HAuCl4 solution was added to a plastic conical centrifuge tube. To this, 

7.50 mL of a 100 mM aqueous CTAB solution was added. The mixture of these 

reagents changed the solution color from bright yellow to deep orange. To this, 600 μL 

of a freshly prepared, ice-cold 10.0 mM NaBH4 solution was added, which immediately 
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changed the solution color to pale brown. The reaction was then left undisturbed for 

∼3.0 h to ensure complete Au
3+

 reduction; however, the seeds were used within 2-4 

hours after synthesis. After seed generation, Au nanorods were prepared in a 25.0 mL 

scale. For this, 23.75 mL of 100 mM CTAB was mixed with 1.0 mL of 10.0 mM 

HauCl4 in a conical centrifuge tube. To this, 150 μL of 10.0 mM AgNO3 and 160 μL of 

100 mM curcumin (in ethanol) were added. All of these solutions were freshly prepared, 

added to the reaction in the listed order, and the system was mixed by inversion after the 

addition of each solution. Finally, 105 μL of the Au seed solution was added followed 

by gentle mixing, after which the reaction was left undisturbed for at least 3.0 h at 25.0 

°C before use. Washings were done with 1-2 mM CTAB as they preserve the nanorods. 

When changing the initial concentrations of reactants one at a time, we slightly changed 

the way we prepare CTAB capped gold seeds for the sake of comparison with literature.  

It was prepared as following [213]: Typically, a 10 mL solution of Au seeds was 

prepared by the reduction of HAuCl4.3H2O (2.5x10
-4

 M) by ice-cold NaBH4 (6.0x10
-4

 

M) in the presence of (CTAB, 7.5x10
-2

 M). The NaBH4 solution was added at a time to 

the solution containing CTAB and HAuCl4 and the reaction mixture was then shaken 

(or magnetically stirred) for two minutes allowing the escape of the gas formed during 

the reaction. These seeds were 4 nm or smaller in diameter. The citrate capped gold 

seeds were prepared as above.  

 

 

c. Synthesis of curcumin conjugated of gold nanoparticles 

We wanted to investigate whether curcumin-capped seed solution would serve 

to yield nanorods where these seeds had an average size of 18 nm (as confirmed by 
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HRTEM studies[214]), which are  almost 5 times larger than CTAB capped gold NPs. 

This solution was designated as S(I) and was used as the seed solution in samples 

1@S(I), @S(I), and 3@S(I). 

To prepare curcumin conjugated gold NPs [214], the following stocks were prepared in 

deionized water; 10 mM H[AuCl4].3H2O and 150 mM K2CO3 . A stock solution of 100 

mM curcumin in 99.8% DMSO was also prepared. Initially, 5 ml of 0.25 mM curcumin 

solution was adjusted using K2CO3 to pH = 9.2 -9.6. Within 2 minutes of adjusting 

curcumin pH, 5 ml of 1 mM H[AuCl4].3H2O solution was added drop wise with 

simultaneous shaking to curcumin solution. The solution turns from red to light 

brownish orange then darkens to burgundy red. The samples were kept undisturbed at 

room temperature for 3 days after which they were centrifuged at 10,000 rpm for 15 

minutes for analysis.  

 

3. Characterization 

The instruments used were as given previously in Chapter 2. 

B. Results and discussion  

1. Gold nanorods prepared from citrate capped Au seeds 

Gold nanorods were synthesized from citrate capped Au seeds using curcumin 

as the reducing agent as indicated in procedure A. This procedure –initially using AA as 

reducing agent- was adopted because it has rendered the seed mediated synthesis 

procedure simpler, decreased the susceptibility to impurities, and improved the 

reproducibility of the product distribution. 
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When examining the samples done in this work (using curcumin) with SEM, spherical 

particles of 30-60 nm were detected alongside fewer triangular particles. This‘s usually 

seen in other publications on seed-mediated growth of high aspect ratio gold nanorods. 

The aspect ratio distribution of nanorods was broad as seen in fig. 4.1a; high to low 

aspect ratio nanorods with varying lengths (100 – 800 nm) and widths (30-40). The 

yield was relatively low. When AA was used, nanorods of aspect ratios around 6 in the 

average and 10 or more at maximum were obtained [215]. In addition significant 

quantities of spherical (of typically 30 nm– 60nm) and, to a lesser extent, triangular 

particles also arose. 
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Figure 4.1 (a-e): SEM images of gold nanorods prepared from citrate capped Au seeds (procedure 

A) 

 

A particularly interesting thing to notice in fig. 4.1 d (closer look is given in fig. 

4.1 e), besides the apparent layer around the nanorods, which is the CTAB bilayer 

formed around, is the ghostly nanorod form so to speak. We couldn’t relate this 

shadowy template but to the CTAB micelle formed before any gold becomes adsorbed 

on it. This could be a hint to the mechanism of formation of the gold nanorods. In fact, 

there is more than one mechanism proposed in literature. 
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Scheme 4.1: Structural Model of Single Crystalline Au Nanorods and Proposed Growth 

Mechanism[74] 

 

Garg and coworkers constructed a structural model (scheme 1) based on the HR-

TEM results and proposed a mechanism for the seeding growth of [110] oriented, single 

crystalline Au nanorods[93]. The CTAB capped Au seeds are typically quasi-spherical 

particles (∼2 nm) enclosed by low-index [111] and [100] facets; with the [111] facets 

possessing the lowest surface energy (hence, the most stable facet) among the three 

types of facets. The [110] facets have the highest surface energy and thus it’s not 

favored that these facets be exposed; the [100] facets come in between. One of the 

major roles of Br- ions in the nanorod growth process is their etching interaction with 

the Au seeds which leads to small single crystalline, polyhedral particles at the early 

stage of the growth process (Scheme1). Twinned particles may be dissolved due to Br- 

etching. And it appeared to them that this etching process occurs much easier on smaller 

seeds as larger particles are more difficult to be etched by Br- to form the right type of 

polyhedral seeds for rod growth. Since the Au[111] and Au[100] facets are more stable 

than [110], it’s expected that the single crystalline seeds prefer to elongate along the 

[110] direction to maximize[111] facets (see the red highlighted (110) facet in Scheme 

1). So <110> elongation of the single crystalline seeds results in [111] and [100] side 



 

81 
 

facets (Scheme 1). As the side facets are passivated by Br-, the radial (or side) growth is 

retarded and further elongation along the [110] direction is facilitated. The preferred 

growth of [110] nanorods, as opposed to [100] or [111] nanorods, was energetically 

favorable according to the theoretical calculations by Barnard and Curtiss [216]. It is 

thought that CTA
+
 mainly provides steric protection of the formed nanorods, but its 

templating role couldn’t be dismissed. 

 

Murphy et al. proposed a mechanism that fall in line with the above stated one 

as it suggests CTAB would bind preferentially to the Au[100] and [110] seed facets and 

then the thermodynamically favorable intermolecular interactions of the 16- carbon 

cetyl chains take action to promote surface adhesion scheme 4.2. This preferential 

binding regime agrees with the size of the quaternary ammonium head group relative to 

the larger binding sites available on the Au [100] and Au [110] faces of the crystalline 

rods than at the [111] face [97,114].  

 

Scheme 4.2:  A cartoon that demonstrates the proposed mechanism of gold nanorod growth (in the 

absence of silver)[93].  

 

However, our result stands opposite to the above mechanisms for nanorod 

growth and the cylindrical CTAB micelle-templated based growth mechanism seems to 
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be operative rather than the preferential binding of CTAB molecules onto certain facets 

of developing NRs adopted when AA is used. It could be that these two mechanisms 

exist and one of them would take place under certain conditions. It’s suggested that the 

presence of curcumin could have favored the cylindrical CTAB micelles growth (seen 

in SEM image) in some way. In fact, it has been shown that introducing certain 

aromatic compounds could modify (improve) the micellization behavior of CTAB 

surfactant[217]. This suggestion is consistent with the proposed mechanism by Liz-

Marzan and coworkers that considered the CTAB micellar structure  promoted the 

deposition of the metal at the tips of gold seed particles that are also surrounded by 

CTAB [218]. The mode of action proposed is that AuCl4 
−
 ions displace Br

−
 ions and 

then tightly bind to CTA
+
 micelles. Upon addition of curcumin, AuCl4

–
 is reduced to 

AuCl2
−
 at the micelle surface, and the rate of growth of the different nanorod facets 

would be determined by the approach of the micelle, and thus gold species, toward the 

facets of the seed that are also covered with CTAB. Liz-Marzan et al.  supported this 

mechanism by performing calculations for the surface potential of metal ellipsoids in 1 

mM NaCl, which showed that this potential decays more rapidly at the nanorod tip than 

at the sides, and thus the micelle can more readily approach the tips of the rods than the 

sides and allow deposition of gold[93]. It is crucial, however, to have initially a 

twinning plane or stacking fault in the seed to cause an asymmetric electric field 

[97,218].  

Gold nanorods give rise to two absorption bands. One of them is caused by 

transverse oscillations of the electrons (transverse absorption band), located in the 

visible wavelength region and can interfere with the absorption of spherical gold 

particles. The other is due to the longitudinal oscillations of the electrons (longitudinal 
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absorption band), shifted from the visible towards the near-infrared region with 

increasing aspect ratio. The longitudinal absorption band of such particles in UV-Vis-

NIR spectra falls in the absorption region of water (ca. 1300 nm–above 2500 nm) and is 

therefore not accessible in the aqueous solutions finally resulting from the nanorod 

synthesis.  

When AA is used, UV-Vis showed peaks in the region of 500–700nm to be 

“attributed to the more or less spherical particles, triangles and the transversal plasmon 

absorption of the nanorods and that around 1955nm to the longitudinal absorption of the 

nanorods” (a technique based on embedding the particles in poly(vinyl alcohol) (PVAL) 

was used to detect bands beyond 1000 nm [215]).  

UV-Vis absorption is sensitive to the shape and aggregation state of the materials and 

will shift or change the position of the plasmon bands. The nanorods reduced with AA 

displayed two plasmon bands at 552nm for the transverse surface plasmon and 759nm 

for the longitudinal surface plasmon in the visible region of the spectrum as shown in 

fig. 4.2. The longitudinal band for nanorods reduced with curcumin didn’t show clearly 

and the transverse band is lower in intensity than AA reduced-Au NRs due to probably 

loss of material during decanting. It also shows an additional peak at ~ 404 nm 

attributed to curcumin absorption. The longitudinal band might be located beyond 1000 

nm.  
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Figure 4.2: Comparison of UV-Vis of Au NRs prepared from Citrate capped Au seeds reduced with 

curcumin (Cur) and Ascorbic acid (AA) (procedure A) 

 

a. Effect of pH 

The slow reduction of gold is crucial for nanorod formation and mild reducing 

agents are used for this purpose. As a confirmation, we increased the reducing ability of 

curcumin by adjusting the pH to its pka value (~9.3-9.6). As expected, no nanorods 

were observed and much smaller spherical particles (see Fig. 4.3) appeared as further 

confirmed by the blue shift in the UV-Vis spectrum (band at 505 nm, see fig. 4.4). 
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Figure 4.3: SEM image of gold nanorods from citrate capped Au seeds (procedure A), pH of growth 

solution adjusted to ~ 9.3 
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Figure 4.4: UV-Vis of gold nanorods from citrate capped Au seed; pH of growth solution containing 

curcumin was adjusted to 9.3 
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b. Effect of seed concentration 

 

Table 4.1: Concentrations of reactants in growth solutions differing in seed concentration 

 

 [CTAB] 

mM 

[Au] seed 

10
-7 

M 

[Au 
3+

] 

mM 

 

[curcumin] 

mM 

1s 100 2.76 0.25 0.533 

2s 100 2 0.25 0.533 

3s 100 1 0.25 0.533 

 

Previous results using ascorbic acid didn’t provide a definite trend for increasing 

the seed concentration. Typically, increasing the seed concentration resulted in a 

decrease in AR of NRs. However, the results of some reports were in contrary to 

expectations where AR increased upon increasing the amount of seed. In our case, when 

we decreased the seed concentration from 2.76 ×10
-7 

M (in sample 1s) to 2×10
-7 

M (in 

sample 2s), there was an increase in the AR and yield of NRs, however, further 

decreasing to 1×10
-7 

M reversed the outcome seen in fig. 4.5. There is no clear trend of 

NR formation with the seed concentration at least in our case. The UV-Vis spectra of 

the samples is in agreement with what is seen in SEM images. The thinnest NRs 

observed in fig. 4.6 has the transverse PB blue-shifted while the thicker NRs of the 

other samples lie at higher wavelengths. 
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Figure 4.5: SEM images of samples (a)1s (b)2s (c) 3s 
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Figure 4.6: UV-Vis spectra of samples 1s, 2s, and 3s 
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c. Effect of curcumin concentration 

Sample 1cur shows high AR gold NRs and spherical NPs (20-30 nm) (fig. 4.7 

a). Upon doubling the curcumin concentration  in sample 2cur (fig 4.7 b), we notice a 

tremendous decreasein AR in accordance to what is seen in literature. Furthur 

increasing curcumin by 5 folds (sample 3cur, fig. 4.7 h)results in larger spherical 

particles (50 – 70 nm). 

Table 4.2: Concentrations of reactants in growth solutions differing in curcumin concentration 

 

 [CTAB] 

mM 

[Au] seed 

10
-7 

M 

[Au 
3+

] 

mM 

[curcumin] 

mM 

1cur 100 2 0.25 0.533 

2cur 100 2 0.25 1.067 

3cur 100 2 0.25 5.330 

 

 

Figure 4.7: SEM images of (a)1cur and (b)2cur and (c) 3cur 
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Figure 4.8: UV-Vis spectra of samples 1cur, 2cur, and 3cur  

 

Peaks in the region of 500–700nm correspond to the more or less spherical 

particles, triangles and the transversal plasmon absorption of the nanorods. So shoulders 

or broad bands seen in the spectra are basically attributed to the minority shapes present 

in the sample. Spcifically, shoulders at 656 nm and 795 nm for samples 2cur and 3cur 

respectively are attributed to the triangular shapes observed more clearly in the sample 

containing the highest curcumin concentration (fig. 4.8). The band at 537 nm for 1cur is 

red shifted to 549 nm and 568 nm respectively for higher [cur] indicating spherical size 

increase. As the concentration of curcumin is increasing, there is a faster supply of gold 

to the seeds resulting in shorter rods and larger spheres and triangles (morphological 

change). Similar observations have been reported for ascorbic acid[112].  
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Figure 4.9 Photoluminescence (emission) spectra of 1cur, 2 cur and 3cur at excitation wavelength 

425 nm 

 

The photoluminescence spectra of 1cur, 2cur and 3cur at excitation wavelength 

425 nm are sown in Fig 4.9. All of them gave an emission maximum around 550 nm 

and another band around 670 nm. The maximum around 550 nm is due to curcumin 

conjugated gold nanoparticles that includes nanorods, triangles etc. shapes whereas the 

emission at around 670 nm is due to gold particles/nanorods (triangles etc.). The 

fluorescence intensity at around 550 nm provided interesting information, as the 

curcumin concentration increased to 2 fold (for 2cur) and subsequently 10 fold (for 

3cur) the fluorescence intensity similarly enhanced roughly in the same order. This 

indicates amount of curcumin conjugated to gold particles depends on the curcumin 

concentration. As more curcumin is present in the solution, the attachment of curcumin 

per gold nanoparticles increases where it doesn’t necessarily transfer into gold nanorods 

solely. In other words increase in curcumin concentration per gold discourages 

formation of gold nanorods. 
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d. Effect of silver 

It’s noted that adding AgNO3 would increase the nanorod yield but would at the 

same time decrease the aspect ratio of the rods (aspect ratio achievable is typically <6 

versus ∼25 without AgNO3)[97]. However, there’s a critical [Ag
+
], above which the 

aspect ratio of the nanorods decreases again [79]. In fact, silver also affects the growth 

mechanism, the crystal structure of nanorods, and the results of varying different 

parameters. As the addition of silver into the growth solution is thought to alter the 

chemistry at the interface of the growing particle and the growth solution, it is 

convenient to differentiate seed-mediated approaches performed in the absence and in 

the presence of silver. Silver was added at different concentrations in an attempt to 

understand its effect. We expected a raise in the yield of nanorods; however, this 

addition caused the total disappearance of rods at high Ag concentrations (2A-4A) (fig. 

4.10). At low concentration (1A), few nanorods appeared much less than the silverless 

procedure (fig. 4.10d). Although the silver concentrations used are similar and even 

lower than those used in literature, it seems the critical [Ag
+
] when curcumin is used is 

much below the concentrations used or it might be due to an interaction of curcumin 

with silver. No trace of silver was detected in EDX (fig. 4.11) which goes along the 

assumption that silver maybe directly interacting with curcumin instead of assisting in 

gold nanorod formation. Since this interaction affects the nanorod growth, it’s expected 

to result in smaller spherical particles as seen in SEM images and in the blue shift of the 

Surface Plasmon Band (SPB) (fig. 4.12).  
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Table 4.3: Concentrations of reactants in growth solutions differing in silver content 

 

 [CTAB] 

mM 

[Au] seed 

10
-7 

M 

[Au 
3+

] 

mM 

[AgNO3] 

10
-5 

M 

[curcumin] 

mM 

1A 100 2 0.25 0.16 0.53 

2A 100 2.76 0.25 1.4 0.53 

3A 100 2 0.25 1.6 0.53 

4A 100 2.76 0.25 2.7 0.53 

 

 

 

Figure 4.10: SEM images of (a) 2A (b) 4A (c) 3A (d) 1A 
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Figure 4.11: EDX of gold nanoparticles made from citrate capped gold nanoparticles in presence of 

silver. 

 

In the UV-Vis spectrum (fig. 4.12), all the samples exhibited a band around 540 

nm and only 1A showed LSPB at around 983 nm since the rods are shorter than the 

silverless procedure. The bands seen at around 405 nm is due to curcumin left after 

washing. Except a change in fluorescence intensity, the fluorescence spectra shown in 

Fig. 4.13 did not show any difference in the spectral shape at low (with Au nanorod 

formation, 1A) and high (without Au nanorod formation, 3A) concentration of silver 

(10 fold increase). The band at around 670 nm was not clear due to low intensity in this 

region. The increase in fluorescence intensity suggests that reduction in formation of 

nanorods increases possibility of smaller nanospheres formation that increases the 

overall surface area, thus, reflecting higher curcumin conjugation with gold. 
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Figure 4.12: UV-Vis of Au NPs from citrate capped Au seeds (procedure A) in presence of different 

silver content 
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Figure 4.13: Photoluminescence (emission) spectra of 1A and 3A at excitation wavelength 425 nm 
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2. Gold nanorods prepared from CTAB capped Au seeds 

Gold nanorods were synthesized from CTAB capped Au seeds (fig. S2) using 

curcumin as the reducing agent as indicated in procedure B. Interestingly, much higher 

aspect ratio nanorods were obtained  when curcumin was used  as the reducing agent 

compared to ascorbic acid (AR ~3)[212]. The average length, width, and aspect ratio of 

the nanorods were determined by counting the nanostructures in several images. 

Nanorods of ~30 nm by 410 nm were obtained (~30% yield) (fig. 4.14). The average 

length, width, and AR of the nanorods are 410 nm (spanning from 118 nm to 848 nm), 

30 nm (in the range 17nm-44 nm), and 15 respectively (from 3 to 32).  Spherical 

particles of ~ 60 nm made up the majority of the nanostructures. 
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Figure 4.14 (a-g): SEM images of gold nanorods prepared from CTAB capped Au seeds (procedure 

B) 

 

The gold NRs reduced with curcumin display a transverse PB around 550 nm 

that probably is also attributed to the spherical particles (see fig. 4.15). Having obtained 

a higher AR, the longitudinal band would appear in the IR region.  
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Figure 4.15: UV-Vis spectrum of gold nanorods prepared from CTAB capped Au seeds (procedure 

B) 

 



 

97 
 

a. Effect of seed concentration 

In an attempt to increase the AR of nanorods obtained in sample 11s, we 

increased the seed concentrations in 22s and 33s by 10 and 100 times respectively; 

however, we couldn’t notice any noteworthy changes in the SEM images (fig. 4.16). 

Also no significant change was detected in the UV-Vis spectra in terms of the SPB (fig. 

4.17). 

 

Table 4.4: Concentrations of reactants in growth solutions differing in seed concentration 

 

 
[CTAB]  

mM 

[Au] seed  

10
-7 

M 

[Au 
3+

]  

mM 

[curumin]  

mM 

11s 16 0.125 0.2 3 

22s 16 0.25 0.2 3 

33s 16 2.50 0.2 3 

 

 

Figure 4.16: SEM images of (a) 11s (b) 22s (c) 33s 
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Figure 4.17: UV-Vis spectra of gold nanorods differing in their seed concentration 
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Figure 4.18: Photoluminescence (emission) spectra of 11s at excitation wavelength 425 nm 
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The photoluminescence spectra of 11s at excitation wavelength 425 nm is sown 

in Fig. 4.18, as expected emission maximum around 550 nm for curcumin conjugated 

gold nanoparticles and another band around 670 nm due to gold nanorods/nanoparticles 

were obtained. To further confirm that the fluorescence at longer wavelength band 

(above 670 nm) is due to gold nanorods/nanospeheres, excitation spectra of 

nanorods/nanosparticles were recorded at emission wavelength 610 nm. As depicted in 

Fig. 4.19, the excitation spectrum showed two maximum, one at around 425 nm 

corresponding to curcumin (coming from curcumin conjugated nanorod) and other at 

around 540 nm conforming the absorption of gold nanorods/nanospeheres (compare 

with Fig 4.17). 
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Figure 4.19: Excitation spectra of 11s at emission wavelength 610 nm  
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b. Effect of curcumin concentration 

Sample 11cur (fig 4.20 a) seemed to constitute almost all shapes from hexagons, 

pentagons (see inset of fig. 4.20a) and triangles, to spheres (~25 nm) and rods which is 

translated in the shoulders seen for the sample’s UV-Vis spectrum in fig. 4.21 at 620 nm 

and 644 nm. Spherical particles made up the bulk of the sample (band seen at 540nm). 

The SEM image suggests that hexagons originate from triangles that seem to be 

chopped at their vertices. Intermediate structures that look like rectangular 

parallelograms under SEM (notice the ends of the nanorods) are noticed and seems to 

originate from triangles. Upon decreasing the curcumin’s concentration to half in 

sample 22cur (Fig 4.20b), we only notice that triangles appear smaller by almost half 

their size in sample 11cur. The fluorescence excitation and emission spectra further 

confirmed presence of curcumin conjugation and formation of gold nanoparticles (see 

Fig. 4.22 and 4.23). 

 

Table 4.5 Concentrations of reactants in growth solutions differing in curcumin concentration 

 

 

[CTAB]  

mM 

[Au] seed  

10
-7 

M 

[Au 
3+

]  

mM 

[curcumin]  

mM 

11cur 16 0.125 0.2 6 

22cur 16 0.125 0.2 3 
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Figure 4.20: SEM images of samples (a) 11cur and (b) 22cur 
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Figure 4.21: UV-Vis spectra of gold nanorods differing in the curcumin concentration 
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Figure 4.22: Photoluminescence (emission) spectra of 22cur at excitation wavelength 425 nm 
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Figure 4.23: Excitation spectra of 22cur at emission wavelength 610 nm 
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c. Effect of silver on Citrate versus CTAB capped gold seeds used in nanorod formation 

It should be recalled that when silver was used in procedure A where we used 

citrate capped Au seeds, no nanorods were obtained. However, when CTAB capped Au 

seeds were used in procedure B, gold nanorods were obtained that were even better than 

procedure A without silver. This suggests curcumin may not be able to interact directly 

with the silver ion (thus not able to reduce involvement of silver in nanorods formation) 

in the presence of CTAB-capped gold seed. This can be explained based on the 

proposed mechanism by Nikoobakht and El-Sayed who considered the silver ions 

located between the head groups of the capping surfactant (CTAB) as Ag–Br pairs. This 

would lead to the decrease of the charge density on the bromide ions and consequently 

the repulsion between neighboring head-groups on the gold surface and results in 

CTAB template elongation [79].The growth solution contains gold and silver ions, and 

when curcumin is added only gold ions are reduced  because silver ions and curcumin 

can’t come close to each other due to the favorable hydrophobic interaction between the 

alkyl chain of  the CTAB molecule[219] and curcumin and the unfavorable interaction 

between silver ion and surfactant (the silver will be present near to the Stern layer).  

Furthermore, Guyot-Sionnest and coworkers proposed that, during seed-mediated 

synthesis, underpotential deposition (UPD) of silver preferentially occurs on the [110] 

gold facets compared to the [111] and [100] facets leading to nanorod growth in the 

[100] direction[111].  As the silver monolayer will cover the [110] facet, and, although 

the silver may be oxidized and replaced by gold, other facets will grow faster because 

they are less covered with silver (scheme 3). Therefor differing degrees of silver 

passivation on the [110] facets lead to varying ratios of growth on this facet and the 

nanorod's end facets. As this is the case, the curcumin will reduce gold at the [111] and 
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[110] faces which are not covered by silver and exposed towards the cetyl chains of 

CTAB where curcumin itself is embedded, thus elongation occurs in the 110 direction. 

 

 

Scheme 4.3: One of the proposed mechanisms that explain the role of silver in the silver-assisted, 

seed-mediated method of gold nanorod synthesis.[93] 

 

2. Morphology of gold nanorods: Curcumin versus ascorbic acid 

 In sample 5, citrate-capped Au seed is used, for all the others we used CTAB-

capped Au seed solution. 

 

Table 4.6: Concentrations of reactants in growth solutions under different reaction conditions 

 

 

[CTAB]  

mM 

[Au] seed  

10
-7 

M 

[Au 
3+

]  

mM 

[AgNO3] 

10
-5 

M 

[curumin]  

mM 

4 95 1.25 0.4 6 6 

5 50 6.25 0.5 - 3 

6 16 0.125 0.4 - 1.2 
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Figure 4.24: SEM images of samples (a) 4, (b) 5, (c) 6 
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Figure 4.25: UV-Vis spectra of samples 4, 5, and 6 

 

As stated earlier, the CTAB capped Au seeds are faceted with the most stable 

[111] face in solvent[220] and CTAB molecules appear to bind more strongly to the 

[100] than the [111] faces[114]. Thus, it has been suggested that lower CTAB and 

higher AA concentration conditions that would favor the faster formation and 
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deposition of Au
0
 onto the [111] faces, leading to their disappearance and the formation 

of [100] faces leading to the formation of the cubic shapes[213].  

Good yield of Cubic shaped nanostructures were claimed to be formed also at low [AA] 

conditions, such as for [AA] = 1.6 × [Au
3+

], if a small quantity of AgNO3 were added to 

the system. This condition seemed to hold true for curcumin in sample 4 (Fig. 4.24a) 

which showed roughly equal amounts of cubes and triangles. For sample 5(fig. 4.24 b) 

where [CTAB] is ~6 times in other samples,   we don’t see any rods at all, but rather 

large triangular and hexagonal sheets and irregular shapes appear.  Sample 6 looked 

pretty similar to sample 11cur (fig. 4.24c). When AA was used instead of curcumin 

under the same conditions in samples  4, 5, and 6, branched particles were obtained 

[213] but none gave such morphology when curcumin was utilized. The emission and 

excitation spectra further establish curcumin conjugation and formation of gold 

nanoparticles (see Fig. 4.26 and 4.27). 
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Figure 4.26: Photoluminescence (emission) spectra of 4, 5 and 6 at excitation wavelength 425 nm  
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Figure 4.27: Excitation spectra of 4, 5 and 6 at emission wavelength 610 nm 

 

3. Gold nanorods prepared from curcumin conjugated gold nanoparticles 

Under different reaction conditions, the curcumin conjugated nanoparticles S(I) 

(fig. S3 and S4 for UV-Vis and SEM) confirmed to be a good candidate for nanorods 

formation if used as the seed solution. Very few nanorods were observed in a pool of 

spheres (50 nm on average) and triangular sheets (sample 1@S(I), fig. 4.28a). 

Increasing the seed solution 10 times in sample 2@S(I) didn’t induce significant 

changes. At much higher CTAB concentration (increase by ~6 folds) and lower 

curcumin concentrations (12 times higher), @S(I) shows thin and long gold nanorods 

(high AR) in a relatively higher yield than that observed for 1@S(I) and 2@S(I). 

All samples show a peak around 540 nm to the spherical NPs that have almost similar 

sizes and to probably the transverse absorption of the nanorods (fig. 4.29). On the other 

hand, low AR gold NRs will either appear as small broad bands reflecting the low yield 

and broadness of distribution, and for very low yields, it’ll be hard to visualise any. 
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Table 4.7: Concentrations of reactants in growth solutions under different reaction conditions 

 

 

[CTAB]  

mM 

[Au 
3+

]  

mM 

[curumin]  

mM 

Volume µL 

(Au)seed  

1@S(I) 16 0.2 6 0.5 

2@S(I) 16 0.2 6 5 

3@S(I) 100 0.25 0.533 4 

 

 

 

Figure 4.28: SEM images of (a)1@S(I),  (b)2@S(I),  and (c) 3@S(I) 
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Figure 4.29: UV-Vis spectra of samples 1@S(I), 2@S(I),  and 3@S(I) 

 

As for 1@S(I) and 2@S(I) samples (fig. 4.29) we clearly see the absorption of 

curcumin at around 420 nm another at 548 nm as reffered before to the spherical 

particles and transverse absorption of NRs. The longitudinal plasmon band of 1@S(I) 

and 2@S(I) seems to be situated at 733 nm and 855 nm respectively. 

 

4. Testing gold nanoparticle for nuleic acid sensing  

For applications in sensing we tested the smaller gold nanoparticles prepared 

directly from curcumin rather than using gold nanorods, which indeed have also similar 

potential. The SEM images of gold nanoparticles (fig. 4.30) reveal small undefined 

shapes in the range size 20nm-50 nm that seem like aggregations of the gold NPs.  
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Figure 4.30: SEM images of curcumin conjugated NPs 

 

To measure resonance Rayleigh scattering spectra, synchronous fluorescence 

spectra were obtained by simultaneously scanning excitation and emission 

monochromators over the range 220 – 600 nm with wavelength interval (∆λ) in 

synchronous fluorescence scan mode. The resonance light scattering intensity was 

measured in the form of synchronous fluorescence scan (SFS) intensity. In the field of 

nanoparticles research and analytical chemistry, Resonance Rayleigh Scattering (RRS) 

or surface Plasmon resonance (SPR) is getting utilized [221]. The principle behind this 

phenomenon is elastic scattering. RRS is produced when the wavelength of Rayleigh 

scattering is located at or close to the molecular absorption band. When the analyte 

interacts with the probe, the intensity of RRS is greatly increased.  

Fig. 4.31a depicts RRS spectra of curcumin conjugated Au NPs with Al
3+

,of 

DNA with Al
3+

, and of curcumin Au NPs in the presence of Al
3+

 and increasing 

concentrations of DNA. DNA along with Al
3+ 

did not have much RRS intensity, and 

presence of Au NPs along with Al
3+ 

had even lower RRS intensity. However, when 

DNA was mixed with Al
3+

 and curucmin conjugated Au NPs a significant increase in 

SFS intensity was observed compared to the mentioned combinations. This 
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enhancement increased linearly with increasing DNA concentrations which indicates 

there is a strong interaction between curucmin conjugated Au NPs-Al
3+

 and DNA.  It is 

reported earlier that Al
3+ 

forms an adduct with the double stranded DNA [222] through 

both phosphate groups and base residues sites [223]. The curucmin conjugated Au NPs 

formed large aggregates which caused the increase in RRS intensity. The aggregation of 

gold nanoparticles with DNA is well known in literature[224-225]. When the analyte 

DNA was replaced with RNA, similar results were obtained as depicted in Fig. 4.32a. 

Both DNA and RNA showed linear increase which fitted well (high correlation 

coefficients R
2
 = 0.97 and 0.996 respectively) into linear equations given in Fig. 4.31b 

and fig. 4.32b respectively. The good correlation coefficients render the present method 

eligible for the determination of DNA concentrations in the range 3.33μg/mL – 

100μg/mL. For lower concentrations of DNA and RNA the sensitivity of the gold 

nanoparticles was not high and didn’t show a systematic trend. 
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Figure 4.31: (a) Resonance Rayleigh Scattering spectra of curcumin conjugated Au NPs with 

increasing concentration of DNA and in the presence of aluminum nitrate; (b) Linear fit of Fig. 

4.30a with R
2
 = 0.97 
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Figure 4.32: (a) Resonance Rayleigh Scattering spectra of curcumin conjugated Au NPs with 

increasing concentration of RNA and in the presence of aluminum nitrate; (b) linear fit of Fig. 

4.32a with R
2
 = 0.996 
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The study on gold nanorods produced through reduction with curcumin seemed 

to stress the micelle-templated growth of nanorods as revealed by the direct witness of 

micelle formation under SEM. At the same time, the rational of curcumin being 

embedded into the alkyl chains of CTAB and its consequent reduction along the [110] 

direction complies with the mechanism of preferential binding of CTAB molecules onto 

certain facets of the gold NRs. The behavior of curcumin was affected by the choice of 

the capping agent used for the gold seeds. In the presence of silver, CTAB-capped gold 

seeds gave higher AR NRs than when citrate-capped seeds where used. In fact, silver 

hindered the formation of NRs upon using citrate-capped seeds which was attributed to 

an interaction between curcumin and silver. Such an interaction doesn’t take place in 

case of CTAB-capped seeds since silver is found at the surface of seeds by forming Ag-

Br pairs and curcumin is located among the hydrophobic part of CTAB. The outcome of 

varying seed curcumin concentrations separately was similar to results observed with 

AA as well. Although we tried different combinations, some of which are similar to 

those reported for AA reduced Au NRs, only one combination - preserving the 

condition of  [reducing agent (AA or curcumin)] = 1.6 × [Au
3+

], -gave an expected 

cubic shape. The conjugation of curcumin into the different shapes of nanoparticles was 

confirmed by the fluorescence signature of curcumin. Curcumin conjugated 

nanoparticles proved to yield nanorods in principle. The RRS response for curcumin 

conjugated NPs showed a linear increase with increasing concentrations of RNA and 

DNA which rendered the method eligible for their determination in the concentration 

range 3.33μg/mL – 100μg/mL.  
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CHAPTER V  

CONCLUSION 
 

The synthesis of the curcumin-zinc oxide nanostructures need to be optimized to 

yield smaller monodisperse nanostructures. This will open the door for biomedical 

applications of the hybrid compound that also might be a potential solution addressing 

the bioavailability problem of curcumin. Once this goal is realized, several factors that 

affect photocatalysis can be studied; such as, effect of light intensity and wavelength, 

effect of co-occurring substances, effect of oxidizing agents/electron acceptor,  effect of 

pH, etc. The development of this photo catalyst and the knowledge of the specific 

working parameters may open the door to a large-scale utilization of heterogeneous 

cost-effective photo catalysis via visible light to address water contamination and 

environmental pollution.  

Prominent work have been done as demonstrated above on gold nanorods, 

however, these studies illustrate the lack of fundamental understanding of how the 

kinetic, thermodynamic, or other factors influence the underlying mechanism in these 

and other interesting systems. Thus, considerable research is needed to explore the 

mechanisms governing morphology and geometry control over particle growth as they 

are still not well understood. The ultimate goal behind using curcumin is to obtain 

nanorods synthesized through green chemistry and on the way of reaching such a goal, 

results should be analyzed carefully to gain more understanding of the formation 

process and the parameters affecting it for a better design of materials. 
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