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Abstract 

Mesoporous silica materials were synthesized via sol-gel method using a series of 

triblock copolymer (Pluronic) surfactants (P-123, L-81, L-61 & L-31) as 

templates. Encapsulated metal oxides (CaO, MgO, CuO & ZnO) mesoporous 

silica were synthesized using impregnation method. In this method, metal 

precursors (metal acetate) were firstly loaded into the pores of mesoporous silica. 

Metal precursors were converted to metal oxide via calcination process at 600 oC. 

Curcumin-metal (II) complexes encapsulated mesoporous silica were synthesized 

by adding encapsulated metal oxide mesoporous silica to ethanolic curcumin 

solution. Mesoporous silica, encapsulated metal oxides mesoporous silica and 

curcumin-metal (II) complexes encapsulated mesoporous silica structural 

properties were investigated using several characterization techniques such as  

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), small 

angle X-ray scattering (SAXS), transmission electron microscopy (TEM) and 

thermal gravimetric analysis (TGA). Curcumin uptake % was examined using 

Ultraviolet-Visible spectroscopy (UV-vis). FTIR and TGA analysis prove that 

metal oxide were physically bonded with silanol groups, while curcumin was 

chemically bonded with metal oxides. SAXS pattern and TEM images show that 

mesoporous silica synthesized with short EO chain (below 5 units) surfactant 

gives lamellar meso-structure, while that synthesized with medium EO (17-31 

units) chain gives 2D hexagonal (p6mm) meso-structure. They also prove that the 

loaded metal oxide did not alter the mesoscopic structure of used mesoporous 

silica materials. XRD confirmed the purity of synthesized materials and showed 

that the mean particle size of encapsulated metal oxide was changed according to 

the used mesoporous silica. UV-vis analysis shows that curcumin uptake % 

varied with used encapsulated metal oxide mesoporous silica. 
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توصيف أك يزتوليف  غلف بال عا ال سامي سليكا اسيد ال اال ين ل  معقدا الكرك

 
ص العربي ل  ال

سامي  ل ا  ي سي ي ل عت م  يق صُ د ،  sol-gel ع  لباست س من  ائيس ل حد  ل  لي ثلاثي 

(P-123, L-81, L-61 and L-31) لب دمت كق ست لتي  السي ،  تعصُ. ،  ل عا )أكسيد  ل أكاسيد 

نك( ل حا  أكسيد  ل يسي ، أكسيد  اغ ل يل. من خلا أكسيد  لتح يق  سامي ب ل ا  ي س ي غ بال ه  ل

يق عا )أستيا، يتم تحل ل (  يل أملا  عد ساميم ا مسامخل ل ل ا  ي سي ي لً  ل  . تحُأ

عا لأكاسي ل يس أملا  لت ي  يق ع عا عن  ل دد  .  600ع ي ين مع صتُ ج م ك ل ع معقد 

عأكاسيد  ساميل ل ا  ي سي ي غ بال ل ف  ا  غ ل عد  ل ساميبإضاف أكسيد  ل ا  ي سي ي ل مح  بال

لي. ح ل ين  ك سامي ل ل ا  ي سي ي ل ي ل  ي ل صائص  ل ست  غ ُ ل عا  ل ، أكاسيد 

سامي  ل ا  ي سي ي عا معقد بال ل ين مع أكاسيد  ك ل غ ب   د عد ل سامي باست ل ا  ي سي ي ال

يص، يا ت يل :متل تق ء  لتح لح ي بالأشع تحت  ي ني ،  (FTIR)ل ت لل لنتقالي   (TEM)ل 

ي  لسي لأشع  تث (XRD)، حي  ل ي  ل ي صغي  لسي لأشع   ،(SAXS) لح ني  ل يل  لتح  ،

(TGA)ي . حُد س ل لأشع ف  يافي  د م ين باست ك ل ي لمتصا  ل س  -UV)ئي ل-ل

vis) . تت عا اكأ أ FTIR  TGAليل اتحأث ت مع م ت عا  ل يائيًا، silanol سيد  ا في ط  بي ت

عا ل ين مع أكاسيد  ك يائياً ل غ كي ا SAXS   TEMأ تحاليل. ل ي سي ي ل ُ  أ م  ع ل ص

لي قصي ب د ب س است ( تُ  5) أقل من  EOس يحد قائقي  ع ل  ل ش ي ا(lamellar)ل  ، بي

 ُ ع بل س ص لي مت د ب س است ( تُ  17 -31) EOس ي حد سيع لأبعا سد ائي  ل ث ل ش ي  ل

(P6mm). ا أ تك ً  تث عاا أ أكأي ل ُح اسيد  سامي  ل ل ا  ي سي ي ل لفي  ك ي ُ لم تغُي في  ي لت ي ل

ع  XRDأكد تحاليل. ل ص ل ل  م ، مد نقاء  سط ح فقً  أ مت غ يتغي  ل عا  ل ا أكاسيد 

سامي  ل ا  ي سي ي ل . أل  دم ست يتح ل س ل لأشع ف  ئي -اليل  أ نس  (UV-vis)م

ف غ ل عد  ل فقا لأكسيد  ع  ين مت ك ل ساميب متصا  ل ا  ي سي ي . ال د ست  ل
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1.1  Metal oxide nanoparticles  
Metal oxides work very essential role in many areas of chemistry, physics and 

materials science. Metal oxides adopt an infinite number of structural geometries with 

an electronic structure that can exhibit metallic, semiconductor or insulator character 

(Fernández‐García & Rodriguez, 2011). Metal oxide nanoparticles have been used in 

a large variety of applications due to their optical, magnetic, and electronic properties. 

They are used in numerous consumer products such as cosmetics, dental fillings, 

solar-driven, self-cleaning coatings, textiles and for photo-catalytic degradation of 

various organic pollutants (Pathakoti et al., 2014). Metal oxides are especially 

attractive with respect to applications in catalysis, sensing, energy storage, conversion 

optics, electronic devices, memory arrays, biomedical application and acoustic wave 

devices (Khalil et al., 2014). The use of solid metal oxides as catalysts is well 

established. High specific surface area, strong base strength and high concentration of 

base sites are characteristics of catalyst (Refaat, 2011). Oxide nanoparticles can 

exhibit unique physical and chemical properties due to their limited size and a high 

surface area to volume ratio. Since the surface area to volume ratio of particle 

increases as the particle diameter decreases, nanoparticles with all three external 

dimensions in the nanoscale, may be more bio-reactive than normal bulk materials 

(Smijs & Pavel, 2011). Structural and electronic properties drive the physical and 

chemical properties of the solid. In their bulk state, many oxides have wide band gaps 

and a low reactivity. A decrease in the average size of an oxide particle change the 

magnitude of the band gap, with strong influence in the conductivity and chemical 

reactivity (Fernández‐García & Rodriguez, 2011). Engineered metal oxide 

nanoparticles are finding increasing utility in the medical field ranging from use as 

antimicrobial agents to diagnostic imaging and potential cancer treatment. While 

scaling down the size of materials to the nanometer scale gives useful traits, they are 

within a size range to interact with bio-molecules, such as proteins and nucleic acids 

(Wehmas et al., 2015).  

1.2  Calcium oxide nanoparticles 

Calcium oxide (CaO) is an important material because of its application as catalyst 

and effective chemisorbents for numerous materials (Mirghiasi et al., 2014). There are 

mainly two methods on the preparation of nano-CaO according to the literatures. One 

is thermal decomposition (Tang et al. 2008), and the other is sol–gel (Ghiasi & 
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Malekzadeh, 2012). CaO nanoparticles can be obtained about 4 nm through sol–gel 

method, the cost is very high, the process is very complicated and time-consuming. 

Therefore, it is very difficult to apply sol–gel method into industry. Thermal 

decomposition method has some advantages such as simple process, low cost, 

easiness to obtain high purity product, etc. Therefore, it is promising and facile to be 

applied into industry (Tang et al. 2008). CaO as an alkaline earth metal oxide have 

several applications such as catalyst, toxic-waste remediation agent, additive in 

refractory, doped material to modify electrical and optical properties, crucial factor 

for CO2 capture, flue gas desulfurization and pollutant emission control (Aguilera-

Camacho, 2015; Mirghiasi et al., 2014; Tang et al. 2008). The increased catalytic 

activity of CaO nanoparticles over the bulk CaO is attributed to the higher surface 

area of nanomaterials. CaO nanoparticles show highly effective catalytic behavior, 

because of surface properties, including acidity by Ca2+ and basicity by O2− (Safaei-

Ghomi et al., 2013). CaO in particular, being cheap, has a high basicity, non-corrosive 

and economically benign. CaO nanoparticles, as an efficient, non-explosive, eco-

friendly, recyclable and easy to handle catalyst, are used in the catalysis of many 

organic transformations.  

1.3  Magnesium oxide nanoparticles  

Magnesium oxide (MgO) is an attractive basic metal oxide that has many 

applications. MgO as a versatile oxide material with assorted properties finds 

extensive applications in catalysis, ceramics, antibacterial materials, toxic waste 

remediation, or as an additive in refractory, paint and superconductor products (Dhal 

et al., 2015; Maoz at al., 2011; Mohandes et al., 2010). MgO has been extensively 

used in various applications owning to its unique optical, electronic, magnetic, 

thermal, mechanical and chemical properties (Mageshwari et al., 2013; Verma et al., 

2014). MgO with ultrafine, nanoscale particles and high specific surface area have 

shown great promise as destructive adsorbent for toxic chemical agents (Ramanujam 

& Sundrarajan, 2014). It exhibits a rock salt structure like oxides of other alkaline 

earth metals. The non-polar (100) face is by far the most stable surface, and particles 

of MgO usually display a cubic shape (Fernández‐García & Rodriguez, 2011; 

Meenakshi, 2012). The large surface area to volume ratio and the presence of reactive 

sites on the surface make MgO nanoparticles suitable for uses in a number of organic 

heterogeneous catalyst. Other possible fields of application are gas and humidity 
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sensors and cryosurgery, due to low cost, electro-stability, nontoxic, and 

biodegradable properties of MgO nanoparticles (De Falco et al., 2013; Fernández‐
García & Rodriguez, 2011). Many different synthetic routes provide nanoscale MgO 

including sol–gel, hydrothermal/solvothermal, laser vaporization, chemical gas phase 

deposition, aqueous wet chemical, surfactant methods, and microwave-assisted 

method (Mohandes et al., 2010; Ramanujam & Sundrarajan, 2014). MgO continues to 

receive attention due to its interesting properties in bulk as well as in nanoscale and 

wide ranging applications in microelectronics, heterogeneous catalysis, plasma 

display panels, etc (Kumar et al., 2011).  

1.4  Zinc oxide nanoparticles 

Zinc oxide (ZnO) nanoparticles are one of the most attractive metal oxides. ZnO 

nanoparticles are widely used in paint, pharmaceutical, and cosmetics industries, in 

addition to biomedicine (Tada-Oikawa et al., 2015). ZnO nanoparticles have gained 

deep attention due to their wide range of applications in the fields of electronics, light 

(UV) emission, chemical sensor and personal care products. Endowed with high 

catalytic efficiency and strong adsorption ability they are also used as key ingredient 

in sunscreens, rubber processing, wastewater treatment, and as a fungicide (Singh et 

al., 2014). They are especially attractive due to their small size, large surface to 

volume ratio, chemically alterable physical properties, unique electrical, thermal and 

mechanical features. Moreover, ZnO nanoparticles are not only stable and have a 

longer life than organic-based disinfectants, but also are generally regarded as safe to 

human beings (Kairyte et al., 2013). ZnO is an n-type semiconductor with wide band 

gap energy (3.37 eV), a large bond strength, and large excitation binding energy (60 

meV) at room temperature (Kundu et al., 2014; Nagajyothi et al., 2015; Talebian et 

al., 2013). Conventional synthesis of ZnO nanoparticles include sol–gel (Chandran et 

al., 2014), wet chemical route, microwave method, gas-phase synthesis, 

microemulsion, dry-casting and micellar templating (Kundu et al., 2014). ZnO 

nanoparticles have received considerable attention due to their unique antibacterial, 

antifungal, UV filtering properties, high catalytic and photochemical activity (Ambika 

& Sundrarajan, 2015).  

1.5  Copper oxide nanoparticles 

Copper oxide (CuO) is a potential p-type semiconductor and gains considerable 

attentions due to its optical, electrical, physical, and magnetic properties. CuO with 
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narrow band gap of 1.2 eV is widely used in various applications such as catalysis, 

solar energy conversion, gas sensor and field emission (Phiwdang et al., 2013). Some 

methods for the preparation of CuO have been reported such as the sonochemical 

method (Suleiman et al., 2013), sol-gel technique (Azam et al., 2012; Kshirsagar et 

al., 2015), aqueous precipitation method (El-Trass et al., 2012; Mustafa et al., 2013), 

microwave irradiation (Wang et al., 2012) and thermal decomposition (Son et al., 

2009). Using CuO nanoparticles with narrow size distribution for these applications 

would further promote the chemical reactivity of the nanoparticles because as the 

particle size reduces the surface-to-volume ratio increases, and consequently the 

number of reactive sites increases. CuO nanoparticles exhibit improved electronic and 

optical properties compared to their bulk equivalent (Dagher et al., 2014).  CuO is an 

attractive metal oxide semiconductor due to its unique electrical, optical, antibacterial 

and catalytic properties 

1.6  Sol-gel process  

Sol-gel process is a method for producing inorganic network materials from metal 

alkoxide molecules. The common metal alkoxides are the alkoxysilanes. Other 

alkoxides such as aluminates, titanates, zirconates, and borates are also commonly 

used in the sol-gel process. The process involves conversion of monomers (alkoxides) 

into a colloidal particles (sol) and their subsequent network formation (gel). Metal 

alkoxides are most common because they react readily with water.  Sol-gel reactions 

are a series of hydrolysis and condensation reactions of an alkoxides in presence of 

acid or base (Young, 2002). Sol-gel reaction is presented in scheme 1.1 



6 

 

Scheme 1.1 Sol – gel reactions (hydrolysis and co-condensation). 

1.7  Mesoporous silica material 

Mesoporous materials consist of inorganic metal oxides, like silica or alumina, and 

have pore sizes in the range of between 2 and 50 nm (Barrabino, 2011). Mesoporous 

silica materials have attracted attention because of their utilities in adsorption, 

selective separation and catalysis (Showkat et al., 2007). Mesoporous silica materials 

with characteristic high surface area, controllable mesostructures and mesopore sizes, 

coupled with high chemical and thermal stability and availability for surface 

functionalization could be ideal for a wide range of applications (Waldron et al., 

2014). Ordered mesoporous silica-based materials are attractive for the construction 

of advanced materials on the nanometer scale. The ability to control their structural 

and textural properties and to functionalize them with organic groups and/or inorganic 

entities holds the key to their promising applications (Huang et al., 2012). Since the 

discovery of ordered mesoporous silica materials, there has been a tremendous effort 

devoted to the control of their nanostructure, texture and macroscopic morphology. 

The precise control of these characteristics is highly desirable for various purposes 
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and applications in the field of adsorption, separation, catalysis, controlled drug 

delivery systems, photonic crystals (Sierra et al., 2009). A variety of mesostructured 

materials exhibiting lamellar, hexagonal (p6mm), 3D hexagonal (P63/mmc) or cubic 

(Ia3d, Im3m and Pm3n) organizations have already been prepared under different 

preparative conditions, through a co-condensation of inorganic species, in conjunction 

with surfactants under acidic or basic conditions (Naik et al., 2004). The most well-

known types of silica materials include the silica solids MCM-41 (with a hexagonal 

arrangement of the mesopores), MCM-48 (with a cubic arrangement of the 

mesopores), and MCM-50 (with a laminar structure). The use of amphiphilic triblock 

copolymers as a structure-directing agents has resulted in the preparation of well-

ordered hexagonal mesoporous silica structures (SBA-15, SBA: Santa Barbara 

University) with uniform pore sizes up to approximately 30 nm. Mesoporous silica is 

synthesized via poly-condensation of silica species, which originate from different 

sources of silica in the presence of surfactants as structure-directing agents (Hoffmann 

et al., 2006; Wei et al., 2010). Many types of ionic and non-ionic surfactants have 

been used for obtaining mesoporous silica with different pore structure and 

morphological characteristics (Wei et al., 2010). Some of the methods used to 

synthesize silica nanoparticles are reverse microemulsion and widely sol-gel. In 

reverse microemulsion, the surfactants molecules dissolved in organic solvents forms 

spherical micelles. In the presence of water, the polar head groups organize 

themselves to form micro-cavities containing water. This method was successfully 

applied for the coating of nanoparticles with different functional groups for various 

applications (Rahman & Padavettan, 2012). The sol-gel process is widely applied to 

produce silica, glass, and ceramic materials due to its ability to form pure and 

homogenous products at mild conditions. Mesoporous materials possess excellent 

adsorption capacity, due to their large surface area, ordered pore arrangement, 

uniform pore size and controllable modifying ratio of functional groups (Yang et al., 

2008). Mesostructured silica materials with high porosities, well ordered and 

controlled pore size promised to be potentially useful in catalysis, separation and in 

optical devices. 
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1.8  Synthesis of mesoporous silica material  

Generally, there are two general mechanisms for synthesis of mesoporous silica 

materials. These are true liquid-crystal template process (TLCT) and cooperative 

liquid crystal template process (scheme 1.2). 

 

Scheme 1.2 Formation of mesoporous materials by structure-directing agents: a) true liquid-

crystal template mechanism and b) cooperative liquid crystal template mechanism (Hoffmann et 

al., 2006). 

1.8.1  Cooperative Self-Assembly Template 

The cooperative self-assembly is based on the interactions between the surfactant 

micelles and silica species that form organic-inorganic mesostructured materials. The 

cooperative self-assembly can be categorized into four stages, the adsorption of 

silicates on circular micelles, the association of circular micelles into rods, the 

precipitation of rods, and the micelle-micelle coalescence. Then the cylindrical 

micelles come together to form large domains. Simultaneously, the solvent molecules 

(water) are replaced with silicate species (Sayin, 2010). In the cooperative self-

assembly pathway generally, hydrothermal method (80 – 130 oC) has been employed 

for the synthesis of mesoporous silica materials. 
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1.8.2  True Liquid Crystal Template (TLCT) 

In the true liquid crystalline template pathway, the liquid crystalline phase is directly 

used to synthesize ordered mesoporous silica solids (Sayin, 2010). In true liquid-

crystal template, the concentration of the surfactant is so high that under the 

prevailing conditions (temperature, pH) a lypotropic liquid-crystalline phase is formed 

without requiring the presence of the precursor inorganic framework materials 

(Hoffmann et al., 2006). The order and the mesostructure of the liquid crystal is 

mimicked by the inorganic precursors to obtain mesostructured. The condensation 

reactions of silica precursors around the surfactants, which were in the liquid crystal 

phase cause the formation of the mesostructured silica. The confined growth of silica 

species around the surfactants formed the ceramic-like frameworks. The inorganic 

silica species get their pore structures, pore sizes, and symmetries from the LC 

frameworks (Sayin, 2010). In general, the first step, is preparing a homogenous 

solution by dissolving the surfactants in a solvent, water is mostly used as solvent in 

the synthesis. Then, the silica precursor is added to the reaction media, where the 

silica precursor undergoes hydrolysis and condensation with the help of acid or base 

catalyst. The interactions between the surfactant micelles and silica precursors, 

cooperative self-assembly and the aggregation result in precipitation of 

mesostructured silica particles. To complete the condensation of silica and to enhance 

the meso-order, the hydrothermal treatment is usually employed. At the end, the 

product cooled down to room temperature, washed and dried. The organic surfactants 

are removed to obtain mesoporous material by calcination or extraction (Hoffmann et 

al., 2006; Sayin, 2010).  

1.9  Types of mesoporous silica structures 

Mesoporous silica materials have been synthesized with various mesophase structures 

include hexagonal, cubic, lamellar (scheme1.3). Amphiphilic block copolymers have 

emerged as cheap and valuable templates for mesostructured materials possessing 

long range order (Bagshaw et al., 1995). The tendency for (ethylene oxide)x-

(propylene oxide)y-(ethylene oxide)x block copolymers to adopt different structures 

depending on composition (EO/PO ratio). The length of the EO chains is essential for 

establishing the mesoporous structure. Polymers with short EO chains (>5 unit) form 

lamellar structures; with medium length chains (12- 37 units), two-dimensional 
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hexagonal structures are preferentially formed; and long EO chains favor a cubic 

structure (Kipkemboi et al., 2001).  

Table 1.1 mesostructured silica material using triblock copolymer as template. 

Surfactant  Surfactant structure Meso-structure Reference 

L101 EO4 PO59 EO4 Lamellar Kipkemboi et al,, 2001 

P103 EO17 PO59 EO17 Hexagonal Kipkemboi et al,, 2001 

P104 EO17 PO61 EO27 Hexagonal Kipkemboi et al,, 2001 

P105 EO37 PO56 EO37 Hexagonal  Kipkemboi et al,, 2001 

F108 EO132 PO50 EO132 Cubic  Kipkemboi et al,, 2001 

L121 EO5 PO70 EO5 Lamellar Zhao et al., 1998 

F127 EO106 PO70 EO106 Cubic  Ballem et al., 2010 

F88 EO100 PO39 EO100 Cubic  Zhao et al., 1998 

F68 EO80 PO30 EO80 Cubic  Zhao et al., 1998 

P123 EO20 PO70 EO20 Hexagonal Flodstrom & Alfredsson, 2003 

P103 EO17 PO85 EO17 Hexagonal  Flodstrom & Alfredsson, 2003 

P65 EO20 PO30 EO20 Hexagonal Flodstrom & Alfredsson, 2003 

L64 EO13 PO70 EO13 Hexagonal Zhao et al., 1998 

P85 EO26 PO39 EO26 Hexagonal Flodstrom & Alfredsson, 2003 

 

 
Scheme 1.3 TEM images of (a) hexagonal, (b) cubic, and (c) lamellar mesostructured silicas 

(Athens et al., 2009). 

1.10  Encapsulated metal oxide mesoporous silica  

Nanoscience and nanotechnology researches are gradually shifting from the 

individual component to hybrid, coated and encapsulated nanostructured materials. A 

large variety of nanostructured materials are made of, or can be coated with silica. 



11 

 

The most advantage of silica is its high surface area to volume ratio, high thermal 

stability and the broad field of organosilanes available to modify the silica surface 

with functional groups to give it desired properties (Claesson & Philipse, 2007). 

Extensive research has been attentive on the highly ordered mesoporous silica SBA-

15 due to its tailorable pore size, the high surface area and their potential applications, 

it seems a long way for them to replace the common micro porous catalysts, and one 

of the reasons for this delay is their inherent weakness (Wang et al., 2005). Either 

MCM-41 or SBA-15 consist of only silica and suffer the lack of metal ion so that lack 

the necessary active species for catalysis. Chemical modification of the pore channels 

with metal, metal oxides and organic moieties led to new materials with unique 

physical, chemical and catalytic properties (Lam et al., 2005). Mesoporous silica-

coated nano-crystals, which reserve the properties of the functional core, possess a 

high surface area and pore volume, accessible pore channels, and are favorable for 

loading fluorophores, drugs and macromolecules (Yang et al., 2011). Properly coated 

or surface-modified nanoparticles can offer a high potential for numerous 

applications, due to change of their interfacial characteristic and electrical, magnetic 

or optical properties (Nikolić et al., 2010).  

1.11  Synthesis of encapsulated metal oxide mesoporous silica 

Modification of silica mesoporous materials becomes the key step to enable them 

applied in industry, and many efforts were devoted to prepare the large-pore ordered 

catalysts with active components, such as metals or metal oxides, organic group and 

enzymes (Wang et al., 2005). Some of the methods used to synthesize encapsulated 

metal oxide mesoporous silica are direct synthesis (Lee et al., 2012; Wang et al., 

2005) and post modification like impregnation (Furtado et al., 2011; Lee & Chang, 

2012; Roggenbuck et al., 2008). 

1.11.1   Post modification method (Impregnation) 

Encapsulation has been achieved by post synthesis, wet impregnation of metal 

precursor into the existing mesoporous silica followed by its reduction to metal 

nanoparticles. The synthesis required multistep procedures susceptible to reducing 

final yield as well as involving complicated liquid chemistries. Furthermore, metal 

loading was not easily controllable.  

 

 



12 

 

1.11.2   Direct modification method (One-pot or Co-condensation) 

Metal salts could be added directly into the precursor solution for mesoporous silica 

followed by aging in liquid phase, filtration, and final calcination. However, since 

some metal was lost in filtrate, such incorporation was not so controllable. Direct 

synthesis attracts most attention because it is timesaving. 

Scheme 1.4 Formation of encapsulated mesoporous silica via one pot synthesis (Lee et al., 2012). 

Incorporation of metal nanoparticles in these mesoporous structures has been a very 

interesting and promising field of research such as catalysis, optics, and photonics.  

1.12  Curcumin  

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, is the 

main yellow bioactive component of turmeric (Curcuma longa), a perennial plant of 

the ginger family (Zingiberaceae), which is native to tropical South Asia (Patra & 

Barakat, 2011).   
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Scheme 1.5 curcumin chemical structure (a) Keto-form and (b) Enol-form. 

Table 1.2 Curcumin properties (Patra and Barakat, 2011; Stankovic, 2004). 

Properties  Describtion  

IUPAC name  1,7-Bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-

dione diferuloylmethane 

Chemical formula C21H20O6 

C.A.S. number 458-37-7 

Molecular weight 368.38 g/mol 

Appearance  Bright yellow-orange powder 

Melting point  183 oC 

Solubilty  Soluble in water at  basic pH and organic solvent but 

insoluble in water at acidic and neutral pH 

Color  At pH <1 has red color 

At pH range 1-7 has yellow color 

At pH > 7.5 has red color  

Stability  Stable at acidic and neutral medium  

Unstable at basic medium and presence of light 

λmax absorption  350–480 nm due to π→π* 

 

Curcumin possesses a variety of biological and pharmacological activities. Recently, 

curcumin has attracted much interest to researchers because several experimental 

studies show that this natural polyphenol has anti-inflammatory, anti-oxidant, anti-

Alzheimer’s disease, anti-cystic fibrosis, anti-neoplastic, anti-cancer and wound-

healing effects, anti-angiogenic activities. Oral take up of curcumin with minimal 
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acute has the great value to overcome these chronic illnesses. Major problem with 

curcumin for the treatment of diseases is its reduced bioavailability. Curcumin is very 

soluble in organic solvents, such as ethanol, dimethylsulfoxide, and acetone (Zhu, 

2009). Curcumin practically insoluble in water at acidic and neutral pH, soluble in 

alkali. It is stable at high temperatures and in acids, but unstable in alkaline conditions 

and in the presence of light ((Ghosh & Mondal, 2012; Stankovic, 2004). The 

solubility of curcumin in water is reported to be 1.99×10−4 mg/mL (Pang et al., 2014). 

The maximum absorption of curcumin in methanol is at 430 nm and in acetone at 

415-420 nm. Usually, curcumin is stable at acidic pH but unstable at basic pH and in 

the presence of light, under which conditions it is degraded to ferulic acid 

feruloylmethane. Curcumin is more stable in human blood and no more than 20% of 

curcumin being degraded within 1 hour and approximately 50% by 8 hours. The 

major degradation product of curcumin is trans-6-(40-Hydroxy-30-methoxyphenyl)-

2,4-dioxo-5-hexenal, while the minor degradation products are vanillin, ferulic acid 

and feruloylmethane (Zhu, 2009). Curcumin is produced by several methods. 

Curcumin was synthesized by the condensation of vanillin substituted by acetyl 

acetone (Subhan et al., 2013). Curcumin was extracted from turmeric by magnetically 

stirred and heated under reflux (Anderson et al., 2000; Subhan et al., 2013), by 

soxhlet extractor (Kulkarni et al., 2012) and by column extraction  using different 

organic solvent (Popuri & Pagala, 2013). Curcumin continues to receive attention due 

to its potential pharmaceutical importance. 

1.13  Literature review  

1.13.1 Mesoporous silica  

During last years, interest of mesoporous silica materials has increased due to benefits 

that these materials can offer. Mesoporous silica materials, discovered in 1992 by the 

Mobile Oil Corporation, have received considerable attention due to their superior 

textual properties such as high surface area, large pore volume, tunable pore diameter, 

and narrow pore size distribution. Mesoporous silica is so special due to its uses as 

biocompatible, stimuli-responsive drug delivery devices. Several types of ionic and 

non-ionic surfactants have been used for synthesis of mesoporous silica with different 

pore structure and morphological characteristics. Using amphiphilic triblock 

copolymers as structure-directing agents under acidic condition has resulted in the 

preparation of well-ordered hexagonal mesoporous silica structures (SBA-15) with 
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uniform pore sizes up to approximately 30 nm (Hoffmann et al., 2006; Wei et al., 

2010). Flodstrom and Alfredsson (Flodström & Alfredsson, 2003) have investigated 

the effect of different block lengths of Pluronic surfactants, (EO)x–(PO)y–(EO)x, in 

the formation of mesoporous silica. The syntheses were performed in micellar 

solution of the surfactant under acidic conditions. The materials were characterized by 

SAXS, TEM and nitrogen adsorption measurements. Higgins et al. (Higgins et al., 

2006) have reported on the preparation and characterization of mesoporous silica 

membranes via micellar templating using the non-ionic (EO)20–(PO)70–(EO)20 

surfactant, Pluronic P123, as a template under various template/silica volume 

percentages (VTS%). Mesa, Sierra and Guth (Mesa et al., 2008) have investigated the 

evolution of the micelles of two triblock copolymer surfactants, Pluronic F127 and 

Pluronic P123, in diluted aqueous reaction mixtures during the formation of SBA-16 

and SBA-15 at different temperatures, acid and salt concentrations using DLS, 

respectively. Chen et al. (Chen et al., 2011) have studied the use of block copolymer 

(BCP) nonionic surfactant mixtures (including Pluronic, Brij and Tetronic types) as 

templates for synthesizing porous silica materials of mixed pore sizes.  Benamor et al. 

(Benamor et al., 2012) have studied the identification of parameters governing 

structural, textural properties and hydrophilic/hydrophobic balance of SBA-15 type 

ordered mesoporous silica by the study of the influence of the temperature and the 

stirring at the ripening step (first synthesis step), the duration of the two principal 

synthesis steps (ripening and aging). In addition, the heating process at the aging step. 

The synthesis medium has been analyzed by dynamic light scattering (DLS), both the 

as-synthesized and calcined SBA-15 ordered mesoporous solids have been 

characterized by small angle X-ray diffraction (SAXRD), nitrogen sorption 

experiments, scanning and transmission electron microscopy (SEM/TEM) and 29Si 

magic-angle spinning (MAS) NMR spectroscopy. Benamor et al. (Benamor et al., 

2012) have reported a new rapid calcination method that has been used to completely 

remove the organic template from SBA-15 ordered mesoporous silica, and to preserve 

a high number of silanol in these materials.  

1.13.2 Encapsulated metal oxide mesoporous silica  

Chemical modification of the pore channels of mesoporous silica with metal and 

metal oxides led to new materials with unique physical, chemical and catalytic 

properties. Wang et al. (Wang et al., 2005) have studied the in situ coating process of 
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MgO or CuO on SBA-15. Metal oxide-modified SBA-15 functional mesoporous 

materials can be directly synthesized through adding simple precursor salts into the 

synthetic system, recovering the composites via evaporation and subsequent 

calcination. Barreca et al. (Barreca et al., 2007) have investigated the deposition of 

iron oxide nanoparticles on the exterior of and inside the pores of hexagonal 

mesoporous silica by a direct synthesis technique with iron phthalocyanine as 

precursor. Lu et al. (Lu et al., 2009) have studied the employing of the two-solvent 

method to prepare ZnO encapsulated in mesoporous silica (ZnO/SBA-15). The 

prepared ZnO/SBA-15 samples have been studied by XRD, TEM, XPS, nitrogen 

sorption isotherm, and PL spectroscopy. The ZnO/SBA-15 nanocomposite has the 

ordered hexagonal mesostructure of SBA-15. ZnO clusters of a high loading are 

distributed in the channels of SBA-15. ZnO clusters encapsulated in SBA-15 can be 

used as light-emitting diodes and ultraviolet nanolasers. Huang et al. (Huang et al., 

2010) have studied the developing of a modified CaO-based mesoporous CO2 sorbent 

with high sorption capacity. Highly ordered mesoporous SBA-15 molecular sieves 

used as carriers were successfully synthesized through direct-synthesis by using non-

ionic surfactants as the structure-directing agent under strong acidic conditions. 

Calcium ions using calcium acetate as the precursor were finely dispersed onto 

prepared carriers using an impregnation method. Calcium oxide was obtained under 

calcination at high temperature. Analytical techniques, such as XRD, nitrogen 

physisorption isotherms, SEM/EDX and TEM, were used to characterize the 

synthesized mesoporous materials.  

1.13.3 Curcumin  

Curcumin has received ample attention as potential drug because of potential 

pharmaceutical applications as an antioxidant, anti-inflammatory and anti-

carcinogenic agent (Patra & Barakat, 2011), anti-Alzheimer’s disease, anti-cystic 

fibrosis, anti-neoplastic, and wound-healing effects, anti-angiogenic activities (Zhu, 

2009). Different methods have been reported to produce curcumin. Anderson et al.
 

(Anderson et al., 2000) and Subhan et al. (Subhan et al., 2013) have extracted 

curcumin from turmeric using dichloromethane, which was heated under reflux for 1 

h, then the reddish yellow oily residue was triturated with hexane and the resulting 

solid was collected by suction filtration. Kulkarni et al. (Kulkarni et al., 2012) have 

extracted curcumin from turmeric by soxhlet extractor using different organic solvent 
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such as chloroform (B.P. =61˚c), ethyl acetate, methanol and acetone. Isolation and 

purification of curcumin was carried out by column chromatography. Subhan et al. 

(Subhan et al., 2013) have synthesized curcumin by the condensation of vanillin 

substituted by acetyl acetone. Popuri and Pagala (Popuri & Pagala, 2013) have 

extracted curcumin from turmeric by column extraction using different organic 

solvent such as acetone, ethanol, methanol, isopropanol and ethyl acetate. And then 

distillation is performed to separate the mixture of solvent and solute.  

Curcumin is very poorly soluble in water which reducing its effectiveness as a drug. 

For that reason, various methods are being developed to enhance curcumin solubility 

and effectiveness of the drug during its delivery. Bahawana et al. (Bahawana et al., 

2011) have developed a method for the preparation of nanoparticles of curcumin with 

a view to improve its aqueous-phase solubility and examine the effect on its 

antimicrobial properties. Nanoparticles of curcumin (nanocurcumin) were prepared by 

a process based on a wet-milling technique and were found to have a narrow particle 

size distribution in the range of 2- 40 nm. Unlike curcumin, nanocurcumin was found 

to be freely dispersible in water in the absence of any surfactants. The chemical 

structure of nanocurcumin was the same as that of curcumin, and there was no 

modification during nanoparticle preparation. Modasiya & Patel ( Modasiya & Patel, 

2012) have studied increasing solubility of curcumin as drug using solid dispersion 

technique. The solid binary systems were prepared using different drug: polymer ratio 

(1:1, 1:4 and 1:8) with polyethylene glycol 4000 and 6000 by different techniques like 

physical mixing, melting method and solvent evaporation method. PVP K 30 was also 

used as a polymer. The formulations were characterized by SEM, thin layer 

chromatography (TLC), compatibility study, diffraction study and in vitro dissolution 

rate studies.  

Several methods have been proposed to characterize and determine the concentration 

of curcumin and its derivatives in curcumin products. Gupta et al. (Gupta et al. , 

2010) have developed a precise, accurate, sensitive and reliable method for 

determination of low concentrations of curcumin, using spectrofluorimetry. A 

standard curve of curcumin was prepared in methanol and serum in the concentration 

range 1-10 ng/ml. The method was validated in terms of linearity, accuracy and 

precision. Curcumin was also estimated in rat serum after oral administration of 

curcumin at a dose of 100 mg/kg. Hemish et al. (Hemish et al., 2011) have  

investigated the quantitative and qualitative determination of curcumin in Ethanolic 
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extract of curcuma longa. Qualitative estimation was carried out by TLC method. The 

simultaneous quantitative determination of curcumin was carried out by 

spectrophotometric and HPLC technique. Panigoro and Dhianawaty (Panigoro & 

Diah Dhianawaty, 2013) have evaluated the curcumin concentrations in fresh and 

decoction of dried rhizome as homemade jamu. Concentrations of curcumin were 

measured with spectrophotometer at wavelength 418 nm. Thejeswari et al. 

(Thejeswari et al., 2013) have studied the qualitative identification and separation of 

curcuminoids from C. longa by various analytical methods. The drug Curcumin was 

characterized by spectroscopic methods like IR, UV and Thin layer chromatographic 

studies. The TLC studies performed with various solvents of different polarities were 

pre-tested for the separation of curcumin. Ge et al. (Ge et al., 2014) have studied the 

interaction between curcumin and its derivatives (demothxycurcumin and 

bisdemethoxycurcumin) with human serum albumin that has been carried out using 

multi-spectroscopic analysis and molecular modeling method. The characteristic of 

fluorescence quenching and the thermodynamic parameters have been studied by state 

emission fluorescence experiments under different temperatures with an interval of 6 

Kelvin. Yue et al. (Yue et al., 2014) have studied the detection property of natural 

drug-curcumin as an excellent UV–vis Furthermore, the ability of probe to detect 

ClO− in living cells was also evaluated. Chatterjee et al. (Chatterjee et al., 2014) have 

investigated the antioxidant and also the antimicrobial activity of curcumin when 

impregnated on wheat flour under normal home storage conditions. Saithongdee et al. 

(Saithongdee et al., 2014) have synthesized zein membrane containing curcumin, 

which fabricated by electro-spinning and a subsequent heat induced  amide 

crosslinking reaction by using citric acid as crosslinker. Curcumin-loaded zien 

membrane was evaluated as a new optical sensor for Fe3+ ions. The concentration of 

Fe3+ in aqueous solution was determined by naked eye detection after dipping the 

membrane into the sample solution. Ak and Gülçin (Ak and Gülçin, 2008) have 

determined the antioxidant activity of curcumin by employing various in vitro 

antioxidant assays such as 1,1-diphenyl-2-picryl-hydrazyl free radical (DPPH•) 

scavenging, 2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical 

scavenging activity, N,N-dimethyl-p-phenylene diamine dihydrochloride (DMPD) 

radical scavenging activity. Hussien et al. (Hussien et al., 2015) have evaluate the 

potential role of curcumin supplementation in attenuating the aggressive effect of 

alcohol in experimental induced gastric ulcer. Zebib et al. (Zebib et al., 2010) have 
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studied the stabilization of curcumin food pigment by its complexation with divalent 

ions like (Zn2+,Cu2+,Mg2+, Se2+), in “green media” and evaluate its stability in vitro 

compared to curcumin alone. The curcumin complexes were prepared by mechanical 

mixture of curcumin and sulfate salts of each metal (metal:curcumin 1/1mol) into 

unconventional and nontoxic glycerol/water solvent. Kanhathaisong et al. 

(Kanhathaisong et al., 2011) have determined the stoichiometric composition of the 

curcumin–Cu (II) complex formed between curcumin and the Cu (II) ion in an 

aqueous solution. The complex formation between curcumin dyes and the Cu (II) ion 

were investigated by using the UV-Vis spectrophotometry method. Zhao et al. (Zhao 

et al., 2010) have synthesized curcumin complexes with Zn2+ and Cu2+ ions. 

Curcumin complexes with Zn2+ and Cu2+ ions were characterized by elemental 

analysis, mass spectroscopy, IR spectroscopy, UV spectroscopy, solution 1H and 

solid-state 13CNMR spectroscopy, EPR spectroscopy. In addition, the density 

functional theory (DFT) based UV and 13C chemical shift calculations were also 

performed to view insight into those compound structures and properties. Das (Das, 

2011) has investigated the synthesis and characterization of curcumin-silica organic-

inorganic hybrid materials. The preparation of the hybrid materials via covalent 

incorporation of the organic curcumin phase into the pre-hydrolyzed sol-gel silicate 

phase. The degree of incorporation of curcumin phase was verified by 

thermogravometric analysis (TGA). Material was characterized using FTIR, DSC and 

fluorescence spectroscopic techniques. The inorganic-organic silica hybrid materials 

may find wide applications in implant and other biomedical materials with reduced 

inflammatory properties. Gangwar et al. (Gangwar et al., 2013) have studied the 

conjugation of curcumin with silica nanoparticles to improve its aqueous solubility 

and hence to make it more bioavailable. Conjugation and loading of curcumin with 

silica nanoparticles was further examined with TEM and TGA. Cytotoxicity analysis 

of synthesized silica:curcumin conjugate was studied against HeLa cell lines as well 

as normal fibroblast cell lines. Silica:curcumin conjugate has great potential for 

anticancer application. 

Here in, we prepare mesoporous silica materials with new amphiphilic triblock 

copolymer as structure directing agent and determine their characters. Modification of 

their surface using four different metal oxides with impregnation method. Then, we 

use these materials as carrier for curcumin drug. Curcumin is a very important drug 

for cancer and Alzheimer diseases. 
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1.14  Aims of the present work 

In this thesis, CuO/SiO2, ZnO/SiO2, CaO/SiO2 and MgO/SiO2 are used to synthesize 

curcumin-metal/SiO2 complexes, which enhance curcumin solubility and its biological 

and pharmacological activities.  

The present study has focused on the following: 

1. Synthesis of mesoporous silica using nonionic triblock copolymer (Pluronic) 

surfactants (P123, L81, L61 and L31). 

2. Synthesis of CuO/SiO2, ZnO/SiO2, CaO/SiO2 and MgO/SiO2 via 

impregnation method. 

3. Synthesis of curcumin–Cu(II)/SiO2, curcumin–Zn(II)/SiO2, curcumin–

Ca(II)/SiO2 and curcumin–Mg(II)/SiO2 complexes.  

4. Determination of structural properties of mesoporous silica, CuO/SiO2, 

ZnO/SiO2, CaO/SiO2, MgO/SiO2, curcumin–Cu(II)/SiO2, curcumin–

Zn(II)/SiO2, curcumin–Ca(II)/SiO2 and curcumin–Mg(II)/SiO2 complexes 

using fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), small angle X-ray scattering (SAXS), transmission electron 

microscope (TEM) and thermal gravimetric analysis (TGA) . 

5. Determination of CuO/SiO2, ZnO/SiO2, CaO/SiO2 and MgO/SiO2 ability in 

curcumin uptake using optical absorption.  
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2.1  Materials 

All the used chemicals were analytical grade and directly used as received without 

further purification. Triblock copolymer Pluronic L61 (EO2 PO31 EO2), Pluronic L81 

(EO3 PO43 EO3), Pluronic L31 (EO2 PO16 EO2), Pluronic P123 (EO20 PO70 EO20), 

Tetraethoxyorthosilane (TEOS) (Si(OC2H5)4), absolute ethanol (C2H6O), copper 

acetate mono-hydrate (Cu(CH3COO)2.2H2O) were purchased from Aldrich Company 

and used without further purification. Magnesium acetate tetra-hydrate 

(Mg(CH3COO)2.4H2O), curcumin (C21H20O6)  were purchased from Sigma-Aldrich 

Company and used without further purification. Zinc acetate di-hydrate 

(Zn(CH3COO)2.2H2O), calcium carbonate (CaCO3) were purchased from Sigma 

Company. Acetic acid (CH3COOH) and hydrochloric acid (HCl) were purchased 

from Merck Company. All the glassware used in this experimental work washed with 

nitric acid (HNO3) then with distilled water and dried at 100 oC.  

Table 2.1 Triblock copolymer (Pluronic) surfactants properties (Kabanov et al., 2002; 

Krupka & Exner, 2011). 

Properties Pluronic P123 Pluronic L81 Pluronic L61 Pluronic L31 

Chemical formula   EO20 PO70 EO20 EO3 PO43 EO3 EO2 PO31 EO2 EO2 PO16 EO2 

Molecular weight 5750 g/mol 2750 g/mol 2000 g/mol 1100 g/mol 

HLB 6 2 3 3.2 

CMC 4.4 * 10-6 M 2.3 * 10-5 M 1.1 * 10-4 M N/A 

Cloud point (1%) 

aquous solution   

90 oC 20 oC 24 oC 39 oC 

Toxicity  Non-toxic Non-toxic Non-toxic Non-toxic 

Appearance  slightly milky, 

cloudy past 

slightly milky, 

cloudy liquid 

slightly milky, 

cloudy liquid 

slightly milky, 

cloudy liquid 

 

2.2  Synthesis of mesoporous silica  

In typical synthesis of mesoporous silica (Zhao et al., 1998), (4 g, 0.695 mmol, 1.45 

mmol, 2 mmol, 3.6 mmol) of nonionic tri-block copolymer Pluronic surfactant (P123, 

L81, L61 and L31) was dispersed in (40 mL) of deionized water (D.I.W) under 

stirring, respectively. In some surfactant (L81, L61 and L31), the solution was kept at 

low temperature for 1 h until the solution becomes clear. Then (60 mL) of 2 M HCl 

was added slowly to the surfactant solution under the same conditions for another 
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hour. The (8.8 mL, 39.4 mmol) of TEOS was added to previous mixture dropwisely 

under the same conditions. The mixture was put under stirring at room temperature 

for 24 h. Then, the mixture was transfer to sealed autoclave bottle at 100 ºC for 48 h 

in oven. The product was filtrated, washed twice with deionized water (D.I.W). Dry in 

oven at 100 ºC for 24 h. The materials were calcinated in furnace at 500 ºC for 3 h. 

The synthesized materials are labeled as in Table 2.2 

Table 2.2 Synthesized mesoporous silica label  

Surfactant  Labeled product  

Pluronic P123 SiO2-P123 (SBA-15) 

Pluronic L81 SiO2-L81 

Pluronic L61 SiO2-L61 

Pluronic L31 SiO2-L31 

2.3  Synthesis of encapsulated metal oxides/mesoporous silica

 (MO/SiO2) via impregnation method 

2.3.1  Synthesis of CaO/SiO2 nanocomposites 

This material was prepared as previously reported (Furtado et al., 2011; Lee & Chang, 

2012). The CaO/SiO2 (30 % (wt. /wt.)) nanocomposite was synthesized by adding 

(0.54 g, 5.4 mmol) of CaCO3 to (50 mL, 0.22 M) of acetic acid. The solution was 

added to 0.7 g of each mesoporous silica. The mixture was stirred for 2 hours at room 

temperature, then heated to 80 ºC under stirring to dryness. The final product was then 

dried in oven at 100 ºC overnight. The material was then calcinated at 600 ºC for 4 

hours. The materials were labeled as CaO/SiO2-P123 (SBA-15), CaO/SiO2-L81, 

CaO/SiO2-L61 and CaO/SiO2-L31. 

2.3.2  Synthesis of MgO/SiO2 nanocomposites 

This material was prepared as previously reported (Furtado et al., 2011; Lee & Chang, 

2012). The MgO/SiO2 (30 % (wt. /wt.)) nanocomposite was synthesized by dissolving 

(1.61 g, 7.5 mmol) of Mg(CH3COO)2.4H2O in 50 mL of deionized water (D.I.W.). 

The solution was added to 0.7 g of each mesoporous silica. The mixture was stirred 

for 2 hours at room temperature, then heated to 80 ºC under stirring to dryness. The 

final product was then dried in oven at 100 ºC overnight. The material was then 
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calcinated at 600 ºC for 4 hours. The materials were labeled as MgO/SiO2-P123 

(SBA-15), MgO/SiO2-L81, MgO/SiO2-L61 and MgO/SiO2-L31. 

2.3.3  Synthesis of CuO/SiO2 nanocomposites  

This material was prepared as previously reported (Furtado et al., 2011; Lee & Chang, 

2012). The CuO/SiO2 (30 % (wt./wt.)) nanocomposite was synthesized by dissolving 

(0.75 g, 3.8 mmol) of Cu(CH3COO)2.2H2O in 50 mL of deionized water (D.I.W.). 

The solution was added to 0.7 g of each mesoporous silica. The mixture was stirred 

for 2 hours at room temperature, then heated to 80 ºC under stirring to dryness. The 

final product was then dried in oven at 100 ºC overnight. The material was then 

calcinated at 600 ºC for 4 hours. The materials are labeled as CuO/SiO2-P123 (SBA-

15), CuO/SiO2-L81, CuO/SiO2-L61 and CuO/SiO2-L31. 

2.3.4  Synthesis of ZnO/SiO2 nanocomposites 

This material was prepared as previously reported (Furtado et al., 2011; Lee & Chang, 

2012). The ZnO/SiO2 (30 % (wt./wt.)) nanocomposite was synthesized by  dissolving 

(0.81 g, 3.7 mmol) of Zn(CH3COO)2.2H2O in 50 mL of deionized water (D.I.W.). 

The solution was added to 0.7 g of each mesoporous silica. The mixture was stirred 

for 2 hours at room temperature, then heated to 80 ºC under stirring to dryness. The 

final product was then dried in oven at 100 ºC overnight. The material was then 

calcinated at 600 ºC for 4 h. The materials are labeled as ZnO/SiO2-P123 (SBA-15), 

ZnO/SiO2-L81, ZnO/SiO2-L61 and ZnO/SiO2-L31. 

2.4  Preparation of curcumin solutions for standard curve  

0.1 g of curcumin was dissolved in 100 mL of absolute ethanol to prepare 2.71*10-3 

M curcumin solution. Then, 2.214 mL of the previous curcumin solution was diluted 

to 100 mL with absolute ethanol to prepare 6*10-5 M stock solution. Then, different 

curcumin concentrations ((6, 5.4, 4.8, 4.2, 3.6, 3, 2.4, 1.8, 1.2 and 0.6) *10-5 M) were 

prepared from stock solution.  

2.5  Synthesis of curcumin–metal(II) complexes/SiO2 

The curcumin uptake by each metal oxide/SiO2 composite was determined. Ethanolic 

curcumin solution (6*10-5 M) was used. 0.2 g of encapsulated metal oxide/SiO2 was 

shaking with 25 mL of ethanolic curcumin solution for 72 hours. Then, curcumin–

metal(II) complexes/SiO2 separated by centrifuge (3500 rpm for 15 minute), washed 

with 5 mL ethanol and dried at 80 oC. The amount of curcumin absorbs can be 

calculated as uptake percentage. The results are discussed in Chapter 5. 
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Table 2.3 synthesized curcumin–metal(II) complexes/mesoporous silica. 

Metal oxide encapsulated silica curcumin–metal(II)/mesoporous silica complexes label 

CaO/SiO2-P123 (SBA-15) Curc-Ca(II)/SiO2-P123 (SBA-15) 

CaO/SiO2-L81 Curc-Ca(II)/SiO2-L81 

CaO/SiO2-L61 Curc-Ca(II)/SiO2-L61 

CaO/SiO2-L31 Curc-Ca(II)/SiO2-L31 

MgO/SiO2-P123 (SBA-15) Curc-Mg(II)/SiO2-P123 (SBA-15) 

MgO/SiO2-L81 Curc-Mg(II)/SiO2-L81 

MgO/SiO2-L61 Curc-Mg(II)/SiO2-L61 

MgO/SiO2-L31 Curc-Mg(II)/SiO2-L31 

CuO/SiO2-P123 (SBA-15) Curc-Cu(II)/SiO2-P123 (SBA-15) 

CuO/SiO2-L81 Curc-Cu(II)/SiO2-L81 

CuO/SiO2-L61 Curc-Cu(II)/SiO2-L61 

CuO/SiO2-L31 Curc-Cu(II)/SiO2-L31 

ZnO/SiO2-P123 (SBA-15) Curc-Zn(II)/SiO2-P123 (SBA-15) 

ZnO/SiO2-L81 Curc-Zn(II)/SiO2-L81 

ZnO/SiO2-L61 Curc-Zn(II)/SiO2-L61 

ZnO/SiO2-L31 Curc-Zn(II)/SiO2-L31 

2.6  Characterization technique 

2.6.1  Thermal gravimetric analysis (TGA) 

Thermal gravimetric Analysis (TGA) was carried out using Melter Toledo SW 7.01 

analyzer of 25-600 ºC under nitrogen with rate 10 ºC/1 minute. 

2.6.2  Fourier transform infrared (FTIR) 

FTIR spectra were recorded using a Fourier transform infrared spectrophotometer 

(Frontier Perkin Elmer); The samples were measured on a Zinc Selenide Crystal, it is 

working as a Multiple Reflection ATR system (Attenuated total Reflection). 

2.6.3  Ultraviolet-Visible spectroscopy (UV-vis) 

Ultraviolet–visible absorption spectra were recorded on a UV-vis spectrophotometer 

Shimadzu, UV-2400 in the wavelength range from 200 to 800 nm. 

2.6.4  X-ray diffraction analysis (XRD)  

Powder X-ray diffraction (XRD) patterns was recorded on Analytical Expert Pro 

diffractometer utilizing Cu Kα radiation (k = 1.54 Å) and within the 2 h range of 10 – 
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80 in a step size of 0.0130 and scan step time of 29.07 s. 

2.6.5  Transmission electron microscopy (TEM) 

TEM analysis was performed with JEM2010 (JEOL) transmission electron 

microscope with energy-dispersive X-ray spectrometer INCA (Oxford Instruments). 

2.6.6  Small angle X- ray scattering (SAXS) 

Small angle X-ray scattering (SAXS) patterns was recorded on Analytical Expert Pro 

diffractometer utilizing Cu Ka radiation (k = 1.54 Å) within the 2 h range of 0.5–5 o in 

step size of 0.02 o and scan step time of 86.19 s.   
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Chapter Three 

Results and Discussion 

Synthesis and characterization of 

mesoporous silica materials. 

 

  



28 

 

3.1  Introduction  

Some of the used methods to synthesize silica materials are sol-gel process, reverse 

microemulsion, and flame synthesis. The sol-gel process is widely used to produce 

pure silica particles due to its ability to control the particle size, size distribution and 

morphology through systematic monitoring of reaction parameters (Rahman & 

Padavettan, 2012). Generally, the formation process of these materials using 

structure-directing agent have prepared in two different mechanisms. Firstly by liquid-

crystal template mechanism and secondly, by cooperative liquid crystal template 

mechanism (Hoffmann et al., 2006). The type of surfactant plays a crucial rule in the 

synthesis, since its effect on the morphology of the formed materials is probably high, 

where wide variety of different surfactants can be used. The main surfactant used in 

synthesis of mesoporous is non-ionic block copolymers (Barrabino, 2011). In our 

present research thesis, we used four different triblock copolymer surfactants, where 

they have different (EO/PO) ratio and the PO chain length. We have used TEOS as 

silica precursor. We have used first mechanism, where triblock copolymer surfactants 

were firstly dispersed in water under acidic medium with concentration above CMC 

to form like-crystalline shape, followed by addition of TEOS under stirring and 

certain temperature. Hydrothermal process was also take place at fixed time and 

temperature. Different four mesoporous silica materials with four different triblock 

copolymer surfactants were synthesized. Several methods and techniques were used 

to examine their structural properties. These methods include fourier transform 

infrared spectroscopy (FTIR), X-ray diffraction (XRD), small angle X- ray scattering 

(SAXS), transmission electron microscopy (TEM) and thermal gravimetric analysis 

(TGA). 

3.2  Synthesis  

Mesoporous silica was prepared using  Pluronic P123 surfactant as in literature (Zhao 

et al., 1998) labeled as SiO2-P123 (SBA-15). P123 surfactant was dispersed in water 

under acidic medium to form like-crystalline shape. TEOS acts as silica precursor was 

added to the solution to undergo hydrolysis and co-condensation to get silica network. 

Hydrothermal treatment was carried out to induce the complete condensation and 

solidification and improve the organization of silica network. Calcination was took 

place to remove surfactant (Scheme 3.1). 
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Scheme 3.1 Synthesis of SiO2-P123 (SBA-15) 

Mesoporous silica materials were also prepared using Pluronic L81, L61 and L31 

surfactants in the same way as SiO2-P123 (SBA-15) (Zhao et al., 1998). The 

mesoporous silica obtained materials were labeled as in Table 2.2. Copolymer 

surfactants could not form a rod-like micelle because of the short chain EO block 

copolymers of Pluronic L81, L61 and L31 surfactants. Different micelle shape of 

lamellar structure is probably obtained (Kipkemboi et al., 2011). The silica precursor 

(TEOS) was added to the solution to undergo hydrolysis and co-condensation to get 

silica network. The silica obtained using Pluronic L81, L61 and L31 present weak 

pore-order as that of SiO2-P123 (SBA-15). Hydrothermal treatment was carried out to 

induce the complete condensation and solidification and improve the organization of 

silica network. Calcination was carried out to remove surfactant (Scheme 3.2).  

H2O / H+
TEOS

Hydrothermal

calcination

mesoporous silicanon-ionic surfactant micelle surfactant / mesoporous silica

Si Si

SiSi

OH
OH

HO OH
OH

HO

OH

Si

OH

Scheme 3.2 Synthesis of SiO2-L81, SiO2-L61 and SiO2-L31. 

 

3.3  Fourier transform infrared (FTIR) 

FTIR spectroscopy is a useful tool to understand the functional group of any material. 

Figure 3.1 (a & b) shows FTIR spectra of SiO2-L81 and SiO2-P123 (SBA-15), 
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respectively. Three absorption regions at 3400-3600 cm-1, 1500-1700 cm-1 and 400-

1400 cm-1 are observed due to ν(O-H), δ(O-H) and (Si-O-Si) vibrations, respectively. 

A broad band in range of 3400 – 3600 cm-1 in Figure 3.1 (a & b) is due to ν(O-H) 

vibration. This is attributed to hydrogen-bonded silanol groups. The weak peak at 

1645 cm-1 (Figs.3.1 (a & b)) is probably due to δ(O-H) vibrational. A strong broad 

band around 1000-1150 cm-1 centered at 1085 cm-1 (Figs.3.1 (a & b)) is due to the 

asymmetric stretching vibrational of ν(Si–O) of silica network. In Figures.3.1 (a&b), 

weak shoulder at 965 cm-1 is due to ν(Si-O) vibration of non-condensed silanol 

groups. The peak around 800 cm-1 (Figs.3.1 (a & b)) is due to symmetric stretching of 

(Si-O) vibration from silica network. The peak around 459 cm-1 (Figs.3.1 (a & b)) is 

due to δ(Si–O) bending vibration from silica network (Wanyika et al., 2011; Wu et 

al., 2013).  

FTIR spectra of SiO2-P123 (SBA-15) and SiO2-L81 are similar, which give a good 

indication about the nature and the functional groups in SiO2-L81. In contrast, 

Pluronic P123, long EO chain form 2D hexagonal porous structure was obtained.     
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Figure 3.1 FTIR spectra of (a) SiO2-L81 and (b) SiO2-P123 (SBA-15). 

3.4  X- ray diffraction (XRD) 

XRD patterns of SiO2-L81, SiO2-L61 and SiO2-L31 (Figs.3.2 (b-d)) are similar to the 

XRD pattern of SiO2-P123 (SBA-15) (Fig.3.2a). This confirmed the amorphous 

nature of the new synthesized silica (SiO2-L81, SiO2-L61 and SiO2-L31) is similar to 

that of SBA-15. Figure 3.2 (a-d) shows a strong diffraction peak at 23° which 
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revealed regular periodic variations of the electronic density due to the long-range 

ordering of the pores in the material (Wanyika et al., 2011).  
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Figure 3.2 XRD patterns of (a) SiO2-P123 (SBA-15), (b) SiO2-L81, (c) SiO2-L61 and (d) SiO2-L31. 

3.5  Small angle X- ray scattering (SAXS) 

Small angle X-ray scattering (SAXS) technique is capable of delivering structural 

information of molecules between 5 and 25 nm. Figure 3.3 shows SAXS pattern of 

SiO2-P123 (SBA-15) synthesized with Pluronic P123 (EO20 PO70 EO20) surfactant. A 

typical pattern of a hexagonal structure with the occurrence of a strong peak, due to 

the (100) plane, and other two weak peaks is appeared, due to the (110) and (200) 

planes. The presence of three well-resolved diffraction peaks is associated with highly 

ordered mesoporous silica SiO2-P123 (SBA-15) with a two-dimensional hexagonal 

structure (space group p6mm) (Thielemann et al., 2011). The d100 spacing value is 8.8 

nm for silica SiO2-P123 (SBA-15) and pore-to-pore distance (a0) is 10.2 nm. We 

expect that more hydrophilic state is present in the case where P123 is used and this of 

course lead to different mesoporous structure of these material where well-ordered 

mesoporous material with larger pores are formed. 

In case of Pluronic L81, L61 and L31, the PO/EO is larger than that of P123. More 

hydrophobic properties is obtained, and a lamellar liquid crystal structure is formed. 

Figure 3.4 (a-c) shows SAXS patterns of SiO2-L81, SiO2-L61 and SiO2-L31, 

respectively. These synthesized silica materials are made by triblock copolymer (L31 

(EO2 PO16 EO2), L61 (EO2 PO31 EO2) and L81 (EO3 PO43 EO3)) with short EO 

chains. These materials have less order than that obtained when P123 surfactant is 
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used, with typical lamellar structure with two broad peaks at q= 0.625 nm-1 and 3.25 

nm-1 (Dovgolevsky et al., 2008; García-Martínez et al., 2007). The obvious feature 

for these Pluronic is the length of the EO block is the same, approximately 3 unit on 

each side of the PO block. The central PO block vary in length: L81, 43; L61, 31 and 

L31, 16 units. Hence, the length of PO block has more relation with pore size and 

silica order (Barrabino, 2011). As the length of the polymers increased, the ability to 

direct the silica towards an ordered structure was enhanced (Flodström & Alfredsson, 

2003). In Figure 3.4, it can be seen that a Pluronic with a long PO-block, such as L81, 

results in a material with more distinct Bragg peaks than the Pluronics with shorter 

PO blocks, such as L61 and L31. SiO2-L81 shows a typical pattern of lamellar 

structure with the occurrence of two broad peaks at q = 0.625 nm-1 and 3.25 nm-1, due 

to (001) and (002) reflections of lamellar structure (Dovgolevsky et al., 2008; García-

Martínez et al., 2007). While SiO2-L61 and SiO2-L31 show a typical pattern of 

lamellar structure with the occurrence of a broad peak at q = 3.25 nm-1, due to (002) 

reflection of lamellar structure (Zhang & Tsapatsis, 2011). 
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Figure 3.3 SAXS results for SiO2-P123 (SBA-15). 



33 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5

3.35463E-4

9.11882E-4

0.00248

0.00674

0.01832

0.04979

0.13534

0.36788

1

In
te

n
si

ty
 (

a
.u

.)

q (nm
-
)

 SiO2-L81

(a)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

3.35463E-4

9.11882E-4

0.00248

0.00674

0.01832

0.04979

0.13534

0.36788

1

In
te

n
si

ty
 (

a
.u

.)

q (nm
-
)

 SiO2-L61

(b)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

3.35463E-4

9.11882E-4

0.00248

0.00674

0.01832

0.04979

0.13534

0.36788

1

In
te

n
si

ty
 (

a
.u

.)

q (nm
-
)

 SiO2-L31

(c)

001

002

002

002

 

Figure 3.4 SAXS results for (a) SiO2-L81, (b) SiO2-L61 and (c) SiO2-L31. 
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3.6  Transmission electron microscopy (TEM) 

TEM analysis is used to study the morphology of the product. Figure 3.5 (a & b) 

shows TEM image of SiO2-P123 (SBA-15) and SiO2-L81, respectively. In Figure 

3.5a, the hexagonal arrangement of the pores confirming the mesoporous ordered 

structure of SiO2-P123 (SBA-15) material (Kipkemboi et al., 2001). The estimated 

pore diameter is about 5.1 nm, center-to-center pore distance is about 10.2 nm which 

is exactly of same value obtained from SAXS analysis. High-resolution TEM image 

(Fig.3.5b) shows short channels which are parallel to each other confirming the 

lamellar mesostructure of SiO2-L81, in a good agreement with SAXS results 

(Dovgolevsky et al., 2008). 

 
Figure 3.5 TEM image of (a) SiO2-P123 (SBA-15) and (b) SiO2-L81. 

3.7  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) used to determine chemical changes, which 

result as changes in mass when material is heated. Thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) are examined under nitrogen at 25-

600 oC at rate 10 oC/min. Figure 3.6 (a, b) shows TGA-DTA patterns of SiO2-L81 and 

SiO2-P123 (SBA-15), respectively. TGA-DTA showed two steps of weight loss. The 

first step occurs at 75 oC due to loss of 1.2-1.4 % of its initial weight. This is 

attributed to loss of physisorbed water from the system pores. The second step occurs 

at 300 oC due to loss of 1-1.3 %, which is probably due to the condensation reaction 

between the Si–OH groups. The total loss is 2.2-2.7 % (Zhang & Li, 2013). 

(a) (b) 
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Figure 3.6 TGA-DTA pattern of (a) SiO2-L81 and (b) SiO2-P123 (SBA-15). 

3.8  Conclusion  

Four different types of mesoporous silica were successfully synthesized by sol-gel, 

using triblock copolymer Pluronic nonionic surfactants. The synthesized materials 

were characterized using several characterization techniques such as FTIR, XRD, 

SAXS TEM and TGA. FTIR spectra confirm that all synthesized mesoporous silica 

materials have the same function groups (i.e. they form silica network with free 

silanol groups on their surface). Surfactants were totally removed via calcination. 

From SAXS and TEM, the mesoporous silica structure of the synthesized materials 

were determined. The medium EO chain surfactant (as P123) gives 2D hexagonal 

(P6mm) structure, while the short EO chain surfactants (L81, L61 and L31) give a 

lamellar structure. In addition, as PO chain increased the ordering of mesoporous 

silica increased. SAXS analysis showed that SiO2-L81 has more pronounced lamellar 

structure than SiO2-L61 and SiO2-L31 ones. TGA thermogram confirms a high 

thermal stability of the synthesized mesoporous silica material at high temperature. 
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Chapter Four 

Results and Discussion 

Synthesis and characterization of encapsulated 

metal oxides mesoporous silica.  
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4.1  Introduction  

Modification of silica mesoporous materials becomes the key step to enable them 

applied in industry. Some of the methods used to synthesize encapsulated metal oxide 

mesoporous silica are direct synthesis and post modification. The co-condensation 

(direct synthesis) attracts most attention because it is time saving (Lee et al., 

2012;Wang et al., 2005). The impregnation (post modification) requires multistep 

procedures (Furtado et al, 2011; Roggenbuck et al., 2008). In our research, the 

impregnation method was used in the preparation. Four different metals acetate salts 

(Ca(CH3COO)2, Mg(CH3COO)2, Cu(CH3COO)2  and Zn(CH3COO)2) are used in the 

synthesis with four types of mesoporous silica (SiO2-P123 (SBA-15), SiO2-L81, 

SiO2-L61 and SiO2-L31). Metal precursors are introduced into the mesoporous silica 

to control the particle size and growth of nanoparticles. Calcination step was needed 

to convert metal acetate to its corresponding metal oxide. Sixteen different 

encapsulated metal oxide/mesoporous silica materials were prepared. Several methods 

and techniques were used for structural characterization of these new materials. These 

methods include fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), small angle X- ray scattering (SAXS), transmission electron microscopy 

(TEM) and thermal gravimetric analysis (TGA). 

4.2  Synthesis 

Encapsulated metal oxide/mesoporous silica materials were prepared as previously 

reported in literature (Furtado et al, 2011; Lee & Chang, 2012). Each metal acetate 

was allowed to disperse into the silica pores network under suitable conditions of 

stirring and temperature. The encapsulation process was completed to dryness. 

Calcination step at 600 oC for 4 h was required to convert metal acetate to its 

corresponded metal oxide (Scheme 4.1 & scheme 4.2). Table 4.2 summarizes the 

experimental data for the prepared materials. 
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Scheme 4.1 Synthesis of encapsulated metal oxide/ SiO2-P123 (SBA-15). 

Scheme 4.2 Synthesis of encapsulated metal oxide/ lamellar mesoporous silica. 

4.3  CaO/mesoporous silica 

4.3.1  Fourier transform infrared (FTIR) 

Figure 4.3.1 (a-c) shows FTIR spectra of CaO, SiO2-L81 and CaO/SiO2-L81, 

respectively. Three absorption regions are detected at 3100-3600 cm-1, 1500-1800 cm-

1 and 400-1200 cm-1 due to ν(O-H); ν(C-O) and δ(O-H); ν(Ca-O) and (Si-O-Si) 

vibrations, respectively. The FTIR spectrum of CaO (Fig.4.3.1a) is complicated which 

reflects that CaO is presented in a mixture of three components CaO, Ca(OH)2 and 

CaCO3. This was confirmed later from XRD analysis. The sharp peak at 3643 cm-1 

(Fig.4.3.1a) is due to ν(O-H) of free hydroxyl group of Ca(OH)2 component 

(Mirghiasi et al., 2014). The broad band at 3400-3600 cm-1 (Figs.4.3.1 (b & c)) is due 

to ν(O-H) stretching vibration of hydrogen bonded hydroxyl group with water 

molecules inside silica pores (Wanyika et al., 2011; Wu et al., 2013). The peak at 

1645 cm-1 (Figs.4.3.1 (b & c)) is due to δ(O-H) bending vibration (Yang et al., 2008). 

At 965 cm-1 a slight weak shoulder (Figs.4.3.1 (b & c)) is due to ν(Si-O) vibration of 
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non-condensed silanol groups. In Figure 4.3.1 (b & c), the three peaks at 1087 cm-1 

(broad), 800 cm-1 and 459 cm-1 are due to asymmetric, symmetric stretching and 

bending of Si-O-Si vibrations from silica network, respectively (Wanyika et al., 2011; 

Wu et al., 2013). A broad peak at 500 cm-1 (Fig.4.3.1.a) is due to ν(Ca-O) of CaO 

nanoparticle (Mirghiasi et al., 2014). This broad peak for pure CaO is decreased to a 

shoulder at about 510 cm-1 for encapsulated CaO/mesoporous silica (Figs.4.3.1 (b & 

c)). A weak peak at 1799 cm-1 (Fig.4.3.1.a) is also associated to the carbonate C═O 

bond (Miguel et al., 2009). The broad band at 1400-1500 cm-1, and two weak peaks at 

883 cm-1 and 715 cm-1  (Fig.4.3.1.a) are due to the ν(C-O) related to carbonation of 

CaO (Miguel et al., 2009; Mirghiasi et al., 2014). The weak absorption peaks at 2972 

cm-1, 2864 cm-1 and 2516 cm-1 (Fig.4.3.1.a) are assigned to (C=O) vibration of 

carbonate in CaCO3 component (Miguel et al., 2009).The absence of the peaks at 

2972 cm-1, 2864 cm-1, 2516 cm-1, 1799 cm-1, 1400-1500 cm-1 and 883 cm-1 is good 

evidence for CaO encapsulation onto SiO2-L81 (Figs.4.3.1 (b & c). This probably that 

silica encapsulation of CaO may to some extent protect the CaO from interaction with 

environment. CaO absorbed onto the silica surface may still interact with outside 

environment and form Ca(OH)2 and CaCO3.   
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Figure 4.3.1 FTIR spectra of (a) CaO, (b) SiO2-L81 and (c) CaO/SiO2-L81. 
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4.3.2  X- ray diffraction (XRD) 

Figure 4.3.2 (a-c) and Figure 4.3.3  show XRD patterns of CaO/SiO2-L81, CaO/SiO2-

L61, CaO/SiO2-L31 and pure CaO, respectively. Figures.4.3.2 (a-c) patterns exhibit 

strong peaks corresponding to a face centered cubic crystal structure of CaO (*) 

(Imtiaz et al., 2013), hexagonal crystals structure of Ca(OH)2 ($) and CaCO3 (♦) 

(Stutzman, 1996). In Figures 4.3.2 (a-c), XRD patterns show a reflection peaks at 2θ 

= 32.7°, 54.2°, 64.2° and 68.7° corresponding to (111), (202), (311) and (222) planes 

of CaO with a face-centered cubic structure, respectively (Imtiaz et al., 2013). All the 

diffraction peaks of CaO are matched with a face centered cubic structure of CaO 

(JCPDS PDF# 82-1690) (Imtiaz et al., 2013). Some calcite peaks (CaCO3) with low 

intensity are presented in the XRD pattern of CaO, illustrated rapid carbonation of 

CaO by atmospheric CO2 (Mirghiasi et al., 2014). Carbonation reaction occurs very 

fast for CaO-NPs. All CaO diffraction peaks were observed for all types of materials 

with a little difference in intensity. The FTIR spectra and XRD results have confirmed 

that neither free CaO and its encapsulated silica  materials contain pure calcium oxide 

and a mixture of CaO, Ca(OH)2 and CaCO3 components may present. Scherer's 

equation determines the crystallite mean size. Scherer's equation, d= 0.9∗𝜆𝛽∗𝑐𝑜𝑠𝜃, (where 

d is the mean crystallite size, λ is the wavelength of X-ray radiation (0.154 nm), β is 

the full width at half maximum at Bragg's angle of interest and θ is Bragg's angle of 

interest), is used to calculate the mean crystallite size of CaO encapsulated by SiO2-

L81, SiO2-L61 and SiO2-L31 was  estimated. The average crystallite particle size of 

CaO are given in Table 4.1.  

It is found that the peaks intensity of all peaks are decreases in the following order :  

CaO/SiO2-L31 > CaO/SiO2-L61 > CaO/SiO2-L81. 
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Figure 4.3.2 XRD pattern of (a) CaO/SiO2-L81, (b) CaO/SiO2-L61 and (c) CaO/SiO2-L31. 

 

Figure 4.3.3 XRD pattern of pure CaO (Imtiaz et al., 2013). 

Table 4.1 Results of mean crystallize particle size of encapsulated metal oxides 

Metal oxide/mesoporous silica Mean crystallize particle size (nm) 

CaO/SiO2-L81 8.29 

CaO/SiO2-L61  8.25 

CaO/SiO2-L31 7.548 
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MgO/SiO2-L61  9.3 

MgO/SiO2-L31 8.846 

CuO/SiO2-P123 (SBA-15) 21.4 

CuO/SiO2-L81 26.7 

CuO/SiO2-L61  25.5 

CuO/SiO2-L31 25.6 

ZnO/SiO2-P123 (SBA-15)  22.4 

ZnO/SiO2-L81 22.05 

ZnO/SiO2-L61  21.69 

ZnO/SiO2-L31 22.42 

4.3.3  Small angle X- ray scattering (SAXS) 

Figure 4.3.4 (a &b) shows SAXS pattern of SiO2-L81 and CaO/SiO2-L81, 

respectively. SiO2-L81 (Fig.4.3.4a) material exhibits  reflection peaks at 0.625 nm-1 

and 3.25 nm-1 correspond to (001) and (002) of lamellar structure. However, the 

intensity of all reflections decrease (Fig.4.3.4b), which indicates that pore blocking by 

CaO-NPs have partly destroyed the lamellar structure of SiO2-L81 (Haung et al. 

2010). The decreasing of reflections intensity was probably caused by the decreasing 

scatter contrast between pore walls and pore space with the introduction of CaO-NPs 

(Sun et al., 2010).  
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Figure 4.3.4 SAXS pattern of (a) SiO2-L81, (b) CaO/SiO2-L81. 
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4.3.4  Transmission electron microscopy (TEM) 

TEM analysis is used to study the morphology of the product. Figure 4.3.5 (a-d) 

shows TEM images of CaO/SiO2-L81, CaO/SiO2-L61 and CaO/SiO2-L31, 

respectively. CaO/SiO2-L81 TEM image (Fig.4.3.5a) shows the encapsulation of CaO 

appearing in dark and mesoporous silica appearing in gray. In Figure 4.3.5a, 

CaO/SiO2-L81 TEM image shows some channel shape of mesoporous silica in gray 

color, while dark color CaO nanoparticles are impregnated into its mesoporous silica. 

Figure 4.3.5b shows CaO/SiO2-L61 TEM image, where some channel shape of 

mesoporous silica in gray color, while dark color CaO nanoparticles are impregnated 

into its mesoporous silica. Figures 4.3.5 (c & d) show CaO/SiO2-L31 TEM images, a 

well channels of mesoporous silica appeared in gray color, while a dark color 

indicates CaO nanoparticles impregnated into mesopores of SiO2-L31. 

 
Figure 4.3.5 TEM image of (a) CaO/SiO2-L81, (b) CaO/SiO2-L61, (c) CaO/SiO2-L31(low 

magnified) and (d) CaO/SiO2-L31 (high magnified). 

(a) (b) 

(c) (d) 
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4.3.5 Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) is used to determine chemical changes, which 

result as changes in mass when the material is heated. Thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) were examined for CaO, SiO2-L81, 

SiO2-P123 (SBA-15), CaO/SiO2-L81 and CaO/SiO2-P123 (SBA-15) under nitrogen at 

25-600 oC at rate of 10 oC/minute. TGA pattern of CaO (Fig.4.3.6a and Fig.4.3.7a) 

shows a significant weight loss occurs at 440 oC due to loss of 7.2 %, which is due to 

loss of CO2 as a result from a decomposition of the CaCO3 to produce CaO 

nanoparticles (Butt et al., 2015). The total loss is about 7.2 % of initial weight. This is 

provide evidence that CaO nanoparticles are unstable at the surface and they can 

easily absorbed CO2 to form CaCO3 as confirmed by XRD and FTIR spectra. From 

TGA pattern it is possible to calculate the amount of CaCO3 in the sample, which is 

about 16 %. The rest is probably contain cubic CaO (84 %). No evidence for the 

presence of Ca(OH)2 from the TGA-DTA patterns of CaO material. 

Figure 4.3.6b and Figure 4.3.7b show TGA patterns of SiO2-L81 and SiO2-P123 

(SBA-15), respectively. TGA patterns show two steps of weight loss. The first step 

occurs at 75 oC due to loss of 1.2-1.4 % of its initial weight. This is attributed to loss 

of physisorbed water from the system pores. The second step occurs at 300 oC due to 

loss of 1-1.3 %, which is probably due to the condensation reaction between the Si–

OH groups (Zhang & Li, 2013). The total loss is 2.2-2.7 %. 

TGA pattern of CaO/SiO2-L81 (Fig.4.3.6c) shows three loss weight steps. The first 

step occurs at 75 oC due to 3 % that is correspond to loss of adsorbed water molecules 

in the silica pores and CaO surface. The second step occurs at 150 oC is due to 4% 

corresponds to condensation between Ca(OH)2 and silanol groups. The third step 

occurs at 430 oC due to 4 %, correspond to decomposition of CaCO3 

(Ngamcharussrivichai et al., 2011; Mirghiasi et al., 2014; Sun et al., 2010). The total 

loss is about 11 % of initial weight. From the TGA analysis, the amount of CaCO3 

present in the sample is about 9 %, Ca(OH)2 is about 7% and CaO is about 84%. 

TGA pattern of CaO/SiO2-P123 (SBA-15) (Fig.4.3.7c) shows two loss weight steps. 

The first step occurs at 75 oC due to 2.3 % that is correspond to loss of adsorbed water 

in the silica pores and CaO surface. The second step occurs at 430 oC due to 1.2 %. 

This is attributed to decomposition of CaCO3 (Butt et al., 2015; Sun et al., 2010). The 

total weight loss was 3.5 %.  
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In CaO (Fig.4.3.6a and Fig.4.3.7a), CaO/SiO2-P123 (SBA-15) (Fig.4.3.7c) and 

CaO/SiO2-L81(Fig.4.3.6c)  thermograms show 7.2 %, 1.2 % and 4 % weight loss at 

430 oC, respectively. This loss is attributed to decomposition of CaCO3 to CaO and 

loss of CO2. It was decreased from 7.2 to 4 % due to encapsulated of CaO within 

SiO2-L81 and from 7.2 to 1.2 % due to encapsulated of CaO within SiO2-P123 (SBA-

15), which decrease the available area of CaO and decrease the adsorption amount of 

CO2. The weight loss is 1.2 % for CaO/SiO2-P123 (SBA-15), but the weight loss is 4 

% for CaO/SiO2-L81. This different is probably related to the percent of encapsulated 

CaO inside the pores and that on the surface of silica.  
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Figure 4.3.6 TGA pattern of (a) CaO, (b) SiO2-L81 and (c) CaO/SiO2-L81. 
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Figure 4.3.7 TGA pattern of (a) CaO, (b) SiO2-P123 (SBA-15) and (c) CaO/SiO2-P123 (SBA-15). 
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Figure 4.3.8 DTA pattern of (a) CaO, (b) SiO2-L81 and (c) CaO/ SiO2-L81. 
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Figure 4.3.9 DTA pattern of (a) CaO, (b) SiO2-P123 (SBA-15) and (c) CaO/SiO2-P123 (SBA-15). 
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4.4  MgO/mesoporous silica. 

4.4.1  Fourier transform infrared (FTIR) 

Figure 4.4.1 (a-d) show FTIR spectra of MgO, SiO2-L81, MgO/SiO2-L81 and 

MgO/SiO2-P123 (SBA-15), respectively. Three absorption regions at 3400-3600 cm-1, 

1400-1700 cm-1 and 400-1300 cm-1 are observed due to ν(O-H); ν(C-O) and δ(O-H); 

ν(Mg-O), and (Si-O-Si) vibrations, respectively. The sharp peak at 3640 cm-1 

(Fig.4.4.1a) is due to ν(O-H) stretching vibration of free hydroxyl group on MgO 

crystal surface. The broad peak at 3400-3600 cm-1 (Figs. 4.4.1(a-d)) is due to ν(O-H) 

stretching vibration of hydrogen bonding hydroxyl group on MgO surface and inside 

silica pores (Mageshwari et al., 2013; Wu et al., 2013; Yang et al., 2008 ). The two 

peaks at 1453 cm-1 and 1633 cm-1 (Fig.4.4.1a) are related to ν(C-O) of carbonate and 

δ(O-H) of adsorbed water on the surface of MgO crystals, respectively (Mageshwari 

et al., 2013). Absorption peak at 1645 cm-1 (Figs.4.4.1 (b-d)) is due to δ(O-H) 

bending vibration (Wu et al., 2013; Yang et al., 2008 ). The absence of the peaks at 

1633 cm-1 and 1453 cm-1 after encapsulation (Figs.4.4.1 (c & d)) is a good evidence 

for the encapsulation of MgO. The peaks at 1087 cm-1 (broad), 800 cm-1 and 459 cm-1 

(Figs.4.4.1 (b-d)) are related to asymmetric, symmetric stretching and bending (Si-O-

Si) vibration of silica network, respectively (Wu et al., 2013; Yang et al., 2008). The 

broad peak at 500 cm-1 (Fig.4.4.1a) is due to ν(Mg-O) stretching vibration 

(Mageshwari et al., 2013). The decreasing of this broad band for pure MgO 

(Fig.4.4.1a) to a shoulder at 530 cm-1 (Figs.4.4.1 (c & d)) for encapsulated MgO is a 

good evidence for the success of encapsulation process (Salem et al., 2015; Yang et 

al., 2008). 
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Figure 4.4.1 FTIR spectra of (a) MgO, (b) SiO2-L81, (c) MgO/SiO2-L81 and (d) MgO/SiO2-P123 

(SBA-15). 

4.4.2  X- ray diffraction (XRD) 

XRD gives information about crystalline structure of nanomaterials. Figure 4.4.2 (a-c) 

shows the XRD patterns of MgO/SiO2-L81, MgO/SiO2-L61 and MgO/SiO2-L31, 

respectively. All diffraction peaks are matched with a face-centered cubic structure of 

MgO (JCPDS card no. 87-0653) (Hadia & Mohamed, 2015; Salem et al., 2015). In 

Figure 4.4.2 (b & c), XRD patterns show major reflections at 2θ = 36.74°, 42.8°, 

62.3°,  74.6° and 78.6° corresponding to (111), (200), (220), (311) and (222) planes of 

MgO with a face-centered cubic structure, respectively (Salem et al., 2015). 

Diffraction peaks related to Mg(OH)2 and impurities were not found in the XRD 

patterns, which confirm high purity of the synthesized materials. No diffraction peaks 

were detected for MgO/SiO2-L81 (Fig.4.4.2a) in comparison with that of MgO/SiO2-

L61 and MgO/SiO2-L31. The absence of the peaks for XRD pattern of MgO/SiO2-

L81 suggests that the MgO-NPs may present in non-crystalline form or that MgO-NPs 

present in small clusters in the pores of silica networks (Wang et al., 2013). Scherer's 

equation was used for calculate the mean crystallite size of MgO encapsulated onto 

SiO2-L61 and SiO2-L31 were estimated and given in Table 4.1. 



49 

 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

6000

8000

10000

12000

14000

16000

18000

31
1

111

220

22
2

(c)

(a)

(b)

In
te

n
si

ty
 (

a.
u

.)

()

200

 

Figure 4.4.2 XRD pattern of (a) MgO/SiO2-L81, (b) MgO/SiO2-L61 and (c) MgO/SiO2-L31. 

4.4.3  Small angle X- ray scattering (SAXS) 

SAXS pattern of SiO2-L81 and MgO/SiO2-L81 is depicted in Figure 4.4.3. The 

absence of the reflection peak due to (001) plane in the pattern of MgO/SiO2-L81 

(Fig.4.3.3b) upon impregnated MgO-NPs into SiO2-L81 leads to distortion of the 

lamellar structure of SiO2-L81 (Fig.4.3.3a). The decrease of the peak intensity at 3.25 

nm-1 is expected due to the encapsulation of cluster material MgO into the pores, 

which leads to reduced scattering intensities for the Bragg reflections (Wang et al., 

2013).  
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Figure 4.4.3 SAXS pattern of (a) SiO2-L81 and (b) MgO/SiO2-L81. 

4.4.4  Transmission electron microscopy (TEM) 

TEM analysis is used to study the morphology of the product. Figure 4.4.4(a & b) 

shows TEM image of SiO2-L81 and MgO/SiO2-L81, respectively. MgO nanoparticles 

are seen in dark and the mesoporous silica are seen in grey color.  

  
Figure 4.4.4 TEM image of (a) SiO2-L81 and (b) MgO/SiO2-L81. 

4.4.5  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) used to determine chemical changes, which 

result as changes in mass when material is heated. Thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) are examined for SiO2-L81, SiO2-

P123 (SBA-15), MgO, MgO/SiO2-L81 and MgO/SiO2-P123 (SBA-15) (Fig.4.4.5 and 

(a) (b) 
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Fig.4.4.6) under nitrogen at 25-600 oC at rate 10 oC/min, respectively. Figure 4.4.5a 

and figure 4.4.6a show TGA patterns of SiO2-L81 and SiO2-P123 (SBA-15), 

respectively. TGA patterns show two steps of weight loss. The first step occurs at 75 
oC due to loss of 1.2-1.4 % of its initial weight. This is attributed to loss of 

physisorbed water from the system pores. The second step occurs at 300 oC due to 

loss of 1-1.3 %, which is probably due to the condensation reaction between the Si–

OH groups (Zhang & Li, 2013). The total loss is 2.2-2.7 %. 

TGA pattern of MgO (Fig.4.4.5b & Fig.4.4.6b) show two steps of weight loss. These 

steps at 75 oC and 280 oC are due to weight loss of ~ 1 % and 2 % of its initial weight 

correspond to loss of adsorbed H2O and loss of adsorbed CO2  on MgO crystal 

surface, respectively [12]. The total weight loss is 3 %.  

TGA-DTA patterns of MgO/SiO2-L81 (Fig.4.4.5c & Fig.4.4.6c) show three steps of 

weight loss. These steps at 95 oC, 176 oC and 340 oC are due to weight loss of ~ 1.5 

%, 4.5 % and 5 % of its initial weight, respectively. These are correspond to loss of 

adsorbed H2O on the surface of metal and silica pores, loss of crystallize water on 

MgO surface and loss of adsorbed CO2 on MgO surface (Azzaza et al., 2014; Maoz et 

al., 2011; Zhang & Li, 2013). The total weight loss is 11 %.  

TGA-DTA patterns of MgO/ SiO2-P123 (SBA-15) (Fig.4.4.5d & Fig.4.4.6d) show 

two steps of weight loss. The first step at 80 oC due to ~ 6.5 % weight loss is 

correspond to loss of adsorbed H2O on the surface of metal and silica pores. The 

second step is very weak at 250 oC due to 2.5 % weight is  probably due to some 

dehydroxylation of silanol and formation of siloxane bonds (Azzaza et al., 2014; 

Maoz et al., 2011; Zhang & Li, 2013). The total loss is about 9 % of initial weight.  

The difference in the weight loss in the first step between the silica and the 

encapsulated MgO is refers to the presence of crystallize water molecules of the metal 

oxide. It seems that more MgO nanoparticles absorbed onto SiO2-L81 than SiO2-P123 

(SBA-15) silica.   
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Figure 4.4.5 TGA pattern of (a) SiO2-L81, (b) MgO and (c) MgO/SiO2-L81. 
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Figure 4.4.6 TGA pattern of (a) SiO2-P123 (SBA-15), (b) MgO and (c) MgO/SiO2-P123 (SBA-15). 
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Figure 4.4.7 DTA pattern of (a) SiO2-L81, (b) MgO and (c) MgO/SiO2-L81. 
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Figure 4.4.8 DTA pattern of (a) SiO2-P123 (SBA-15), (b) MgO and (c) MgO/SiO2-P123 (SBA-15). 
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4.5 ZnO/mesoporous silica. 

4.5.1  Fourier transform infrared (FTIR) 

Figure 4.5.1 (a-d) shows FTIR spectra of ZnO, SiO2-L81, ZnO/SiO2-L81 and 

ZnO/SiO2-P123 (SBA-15), respectively. Three absorption regions at 3400-3600 cm-1, 

1400-1700 cm-1 and 400-1300 cm-1 are observed due to ν(O-H); δ(O-H); ν(Zn-O) and 

(Si-O-Si) vibrations, respectively. A broad band centered at 3500 cm-1 according to 

(O–H) stretching vibration correspond  hydrogen bonding between adsorbed water 

and ZnO and silica surfaces (Figs.4.5.1 (a-d)) (Ambika & Sundrarajan, 2015; Yang et 

al., 2008). The peak at 1631 cm-1 (Fig.4.5.1a) and 1645 cm-1 (Figs.4.5.1 (b-d)) are 

attributed to (O–H) bending vibration of hydroxyl groups (Ambika & Sundrarajan, 

2015; Wu et al., 2013; Yang et al., 2008). The peaks at 1087 cm-1 (broad), 800 cm-1 

and 459 cm-1 (Figs. 4.5.1 (b-d)) are due to asymmetric, symmetric stretching and 

bending of Si–O–Si vibrations from silica network (Wu et al., 2013; Yang et al., 

2008). The shoulder at 965 cm-1 (Figs.4.5.1 (b-d)) is due to ν(Si–O) vibration of non-

condensed silanol group (Yang et al., 2008). An absorption peak at 1000 cm-1 

(Fig.4.5.1a) according to stretching vibration of Zn–O-Zn bridging (Ambika & 

Sundrarajan, 2015). The peak at 511 cm-1 (Fig.4.5.1a) is due to Zn-O stretching 

vibration of ZnO (Ambika & Sundrarajan, 2015). The absence of the peaks at 511 cm-

1, 1000 cm-1 (Fig.4.5.1a) and the shoulder at 965 cm-1 (Fig.5.4.1b) after encapsulation 

(Figs.4.5.1 (c & d)) is a good evidence for the formation of Si-O-Zn linkage.  
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Figure 4.5.1 FTIR spectra of (a) ZnO, (b) SiO2-L81, (c) ZnO/SiO2-L81 and (d) ZnO/SiO2-P123 

(SBA-15). 
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4.5.2 X- ray diffraction (XRD) 

Figure 4.5.2 (a-d) shows XRD patterns of ZnO/SiO2-P123 (SBA-15), ZnO/SiO2-L81, 

ZnO/SiO2-L61 and ZnO/SiO2-L31, respectively. All diffraction peaks of XRD were 

matched with hexagonal phase (wurtzite structure) of ZnO (JCPDS card No. 89-7102) 

(Kundu et al., 2014). In Figure 4.5.2 (a-d), the peaks at 31.7º, 34.35º, 36.17º, 47.46 º, 

56.57º, 62.82º, 66.36 º, 67.9º and 69.04º were assigned to the (100), (002), (101), (102), 

(110), (103), (200), (201) and (112) reflections, respectively (İpeksaç et al., 2013; 

Kundu et al., 2014; Talebian et al., 2013).  Diffraction peaks related to impurities 

were not found in XRD patterns that confirm high purity of the synthesized materials.  

ZnO diffraction peaks in SiO2-L81, SiO2-L61 and SiO2-L31 were more intense than 

in SiO2-P123 (SBA-15). The reason for this behavior is that in the case of SiO2-P123 

(SBA-15), ZnO nanoparticles are inserted into mesopores of the silica precursors. 

Scherer's equation was used for calculate the mean crystallite size of ZnO 

encapsulated onto SiO2-P123 (SBA-15), SiO2-L81, SiO2-L61 and SiO2-L31 were 

estimated and listed in Table 4.1.  
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Figure 4.5.2 XRD pattern of (a) ZnO/SiO2-L81, (b) ZnO/SiO2-L61, (c) ZnO/SiO2-L31 and (d) 

ZnO/SiO2-P123 (SBA-15). 

4.5.3  Small angle X- ray scattering (SAXS) 

Figure 4.5.3 (a & b) shows SAXS pattern of SiO2-L81 and ZnO/SiO2-L81, 

respectively. SAXS pattern of ZnO/SiO2-L81 (Fig.4.5.3b) shows two well-resolved 

peaks indexed as (001) and (002) reflections were corresponded to lamellar structure 
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as identical to that of SiO2-L81 (Fig.4.5.3a). This indicates that the addition of ZnO 

nanoparticles with a controlled amount in synthetic system does not obviously change 

the lamellar structure of SiO2-L81 (Wang et al., 2005; Lu et al., 2009). 

Figure 4.5.4 (a & b) shows SAXS pattern of SiO2-P123 (SBA-15) and ZnO/SiO2-

P123 (SBA-15), respectively. SAXS pattern of ZnO/SiO2-P123 (SBA-15) (Fig.4.5.4b) 

is similar to the pattern of SiO2-P123 (SBA-15) (Fig.4.5.4a). It showed a typical 

pattern of a hexagonal phase with the occurrence of a strong peak, due to the (100) 

plane, and other two weak peaks, due to the (110) and (200) planes. This provides 

evidence that the addition of inorganic precursors does not alter the mesoscopic order 

of SiO2-P123 (SBA-15) silica. There was a shift of all three peaks to a small q value 

after impregnation process. This results of increasing the inter-planar spacing, this 

suggest that the insertion of metal oxides is probably associated with expantion of the 

mesoporous silica (El-Nahhal et al., 2016). 
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Figure 4.5.3 SAXS pattern of (a) SiO2-L81 and (b) ZnO/SiO2-L81. 
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Figure 4.5.4 SAXS pattern of (a) SiO2-P123 (SBA-15) and (b) ZnO/SiO2-P123 (SBA-15). 

4.5.4  Transmission electron microscopy (TEM) 

Figure 4.5.5 (a-d) shows TEM image of SiO2-L81, ZnO/SiO2-L81, ZnO/SiO2-L61 and 

ZnO/SiO2-L31, respectively. The TEM image of SiO2-L81 (Fig. 4.5.5a) shows short 

channel shape of grey color. Figure 4.5.5b shows hexagonal ZnO nanoparticles which 

are probably adsorbed onto the outside SiO2-L81, some other ZnO particles are 

probably encapsulated into the silica and appear as dark color. Figure 4.5.5c shows 

ZnO/SiO2-L61, where mesoporous silica is appeared in grey color, while dark color 

corresponds to impregnated ZnO nanoparticles into its silica network. In case of 

ZnO/SiO2-L31 (Figure 4.5.4d), TEM image shows some channel shape of 

mesoporous silica in gray color, while a dark color indicates ZnO nanoparticles are 

impregnated into mesopores of SiO2-L31. 
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Figure 4.5.5 TEM image of (a) SiO2-L81, (b) ZnO/SiO2-L81, (c) ZnO/SiO2-L61 and (d) ZnO/SiO2-

L31. 

4.5.5  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) used to determine chemical changes, which 

result as changes in mass when material is heated. Thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) are examined for SiO2-L81, 

ZnO/SiO2-L81 and ZnO/SiO2-P123 (SBA-15) (Fig.4.5.6 & Fig.4.5.7) under nitrogen 

at 25-600 oC at rate 10 oC/min, respectively. TGA-DTA patterns of SiO2-L81 

(Fig.4.5.6a & Fig.4.5.7a) show two steps of weight loss. The first step occurs at 75 oC 

due to loss of 1.4 % is attributed to loss of physisorbed water from the system pores. 

The second region occurs at 300 oC is due to loss of 1.3 %, which is probably due to 

the condensation reaction of silanol (Si–OH) groups (Zhang & Li, 2013). The total 

loss is about 2.7 % of its initial weight. 

(c) 
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TGA-DTA pattern of ZnO/SiO2-L81 (Fig.4.5.6b & Fig.4.5.7b) shows two steps of 

weight loss. The first step occurs at 75 oC due to 5.5 % weight loss, which is 

attributed to loss of physisorbed water on the surface of metal and silica pores. The 

second step occurs at 300 – 600 oC is due to 3% weight loss, which correspond to 

dehydroxylation of silanol and formation of siloxane bonds (El-Nahhal et al., 2016; 

Nagajyothi et al., 2015; Zhang & Li, 2013). The total weight loss is 8.5 %. 

TGA-DTA pattern of ZnO/SiO2-P123 (SBA-15)  (Fig.4.5.6c & Fig.4.5.7c) shows two 

steps of weight loss. The first step occurs at 80 oC is due to 2.5 % weight loss, which 

is attributed to loss of adsorbed H2O on the surface of metal and silica pores. The 

second step occurs at wide range 200 – 600 oC due to 3.5 % weight loss, which is 

corresponded to dehydroxylation of silanol and formation of siloxane bonds (El-

Nahhal et al., 2016; Nagajyothi et al., 2015; Zhang & Li, 2013). The total loss is 

about 5 % of initial weight. 

The difference in the weight loss in the first step between the silica and the 

encapsulated ZnO nanoparticles refers to the presence of crystallize water molecules 

of the metal oxide (Fig.4.5.7). It seems that more ZnO nanoparticles absorbed onto 

SiO2-L81 than SiO2-P123 (SBA-15) silica.   
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Figure 4.5.6 TGA pattern of (a) SiO2-L81, (b) ZnO/SiO2-L81 and (c) ZnO/SiO2-P123(SBA-15). 
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Figure 4.5.7 DTA pattern of (a) SiO2-L81, (b) ZnO/SiO2-L81 and (c) ZnO/SiO2-P123 (SBA-15). 
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4.6  CuO/mesoporous silica  

4.6.1  Fourier transform infrared (FTIR) 

Figure 4.6.1 (a-d) shows FTIR spectra of CuO, SiO2-L81, CuO/SiO2-L81 and CuO/ 

SiO2-P123 (SBA-15), respectively. Three absorption regions at 3400-3600 cm-1, 

1500-1700 cm-1 and 400-1200 cm-1 are detected due to ν(O-H); δ(O-H); ν(Cu-O) and 

(Si-O-Si) vibrations, respectively. The broad peak centered at 3500 cm-1 is associated 

with (O–H) stretching vibration of hydrogen bonding of absorbed water molecule on 

CuO (Fig.4.6.1a) and silica surfaces (Figs.4.6.1 (b-d)) (El-Nahhal et al., 2016; Yang 

et al., 2008). The peaks at 1625 cm-1 (Fig.4.6.1a) and 1645 cm-1 (Figs.4.6.1(b-d)) are 

related to bending vibration (O-H) of hydroxyl groups (El-Nahhal et al., 2016; Wu et 

al., 2013; Yang et al., 2008). The absorption peaks at 1087 cm-1 (broad), 800 cm-1 and 

459 cm-1 (Figs.4.6.1 (b-d)) are due to asymmetric, symmetric stretching and bending 

vibration of (Si-O-Si) vibrations from silica network, respectively (Wu et al., 2013; 

Yang et al., 2008). The absorption peak at 1080 cm-1 (Fig.4.6.1a) is due to stretching 

vibration of (Cu-O-Cu) bridging. The peak around 480 cm-1 (Fig.4.6.1a) is due to 

stretching vibration of Cu-O (El-Nahhal et al., 2016). The decreasing of this medium 

peak for pure CuO (Fig.4.6.1a) to a shoulder at 560 cm-1 (Figs.4.6.1(c & d)) for 

encapsulated CuO is a good evidence for the success of encapsulation process. 
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Figure 4.6.1 FTIR spectra of (a) CuO, (b) SiO2-L81, (c) CuO/SiO2-L81 and (d) CuO/SiO2-P123 

(SBA-15). 



62 

 

4.6.2  X- ray diffraction (XRD) 

Figure 4.6.2 (a-d) shows XRD patterns of CuO/SiO2-P123 (SBA-15), CuO/SiO2-L31, 

CuO/SiO2-L61 and CuO/SiO2-L81, respectively. All the peaks in the diffraction 

pattern indicate to the monoclinic phase of CuO, which is in good consistent with 

(JCPDS no. 05-0661) (Dong et al., 2015). Diffraction peaks related to impurities were 

not found in XRD patterns, which confirm high purity of synthesized materials. In 

Figure 4.6.2 (a-d), the obvious main peaks correspond to (110), (-111), (111), (-202), 

(020), (202), (-113), (-311), (220) (Dong et al., 2015; El-Nahhal et al., 2016). CuO 

diffraction peaks in SiO2-L81, SiO2-L61 and SiO2-L31 were more intense than in 

SiO2-P123 (SBA-15). The low intensity peaks for CuO/SiO2-P123 (SBA-15) is 

probably due to entrapment of CuO particles inside the pores in comparison with that 

of other mesoporous silica materials. Scherer's equation determines the crystallite 

mean size. Scherer's equation was used to calculate the mean crystallite size of CuO 

encapsulated onto SiO2-P123 (SBA-15), SiO2-L81, SiO2-L61 and SiO2-L31  were 

estimated and listed Table 4.1.  
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Figure 4.6.2 XRD pattern of (a) CuO/SiO2-P123 (SBA-15), (b) CuO/SiO2-L31, (c) CuO/SiO2-L61 

and (d) CuO/SiO2-L81. 

4.6.3 Small angle X- ray scattering (SAXS) 

Figure 4.6.3 (a & b) shows SAXS patterns of SiO2-L81 and CuO/SiO2-L81, 

respectively. SAXS pattern of CuO/SiO2-L81 (Fig.4.6.3b) shows two well-resolved 
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peaks indexed as (001) and (002) reflections corresponding to lamellar structure. This 

indicates that the addition of CuO with a controlled amount in synthetic system does 

not alter the mesoscopic order of SiO2-L81 (Wang et al., 2005). 

Figure 4.6.4 (a & b) shows SAXS patterns of SiO2-P123 (SBA-15) and CuO/SiO2-

P123 (SBA-15), respectively. SAXS pattern of CuO/SiO2-P123 (SBA-15) 

(Fig.4.6.4b) is similar to the patterns of SiO2-P123 (SBA-15) (Fig.4.6.4b). It showed a 

typical pattern of a hexagonal phase with the occurrence of a strong peak, due to the 

(100) plane, and other two weak peaks, due to the (110) and (200) planes. This 

provides evidence that the addition of inorganic precursors does not alter the 

mesoscopic order of SiO2-P123 (SBA-15) silica. There was a shift of all three peaks 

to a smaller angle after impregnation process. This results of increasing the inter-

planar spacing, this suggest that the insertion of metal oxides is probably associated 

with expansion of the mesoporous silica (El-Nahhal et al., 2016). 
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Figure 4.6.3 SAXS pattern of (a) SiO2-L81 and (b) CuO/SiO2-L81. 
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Figure 4.6.4 SAXS pattern of (a) SiO2-P123 (SBA-15) and (b) CuO/SiO2-P123 (SBA-15). 

4.6.4  Transmission electron microscopy (TEM) 

TEM analysis is used to study the morphology of the product. Figure 4.6.5 (a & b) 

shows TEM image of SiO2-L81 and CuO/SiO2-L81, respectively. CuO nanoparticles 

are seen in dark and the mesoporous silica are seen in grey color. 

 

Figure 4.6.5 TEM image of (a) SiO2-L81 and (b) CuO/SiO2-L81.  

4.6.5  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) used to determine chemical changes, which 

result as changes in mass when material is heated. Thermal gravimetric analysis 

(b) (a) 
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(TGA) and differential thermal analysis (DTA) are examined for SiO2-L81, 

CuO/SiO2-L81 and CuO/SiO2-P123 (SBA-15)  (Fig.4.6.6 & Fig.4.6.7) under nitrogen 

at 25-600 oC at rate 10 oC/min, respectively. TGA-DTA pattern of SiO2-L81 

(Fig.4.6.6a & Fig4.6.7a) shows two-loss weight steps. The first step occurs at 75 oC is 

due to loss of 1.4 % of its initial weight. This attributed to loss of physisorbed water 

from the system pores. The second step occurs at 300 oC is due to loss of 1.3 %, 

which is probably due to the condensation reaction of silanol (Si–OH) groups (Zhang 

& Li, 2013). The total weight loss is 2.7 %.  

TGA-DTA patterns of CuO/SiO2-L81 (Fig.4.6.6b & Fig.4.6.7b) show two steps of 

weight loss. The first step occurs 80 oC is due to 5 % weight loss, which is attributed 

to loss of adsorbed H2O on the surface of metal and silica pores. The second step 

occurs over wide range at 200–600 oC is due to 2 % weight loss, which is 

corresponded to dehydroxylation of silanol and formation of siloxane bonds (El-

Nahhal et al., 2016; Zhang & Li, 2013). The total weight loss is 7 %.  

TGA-DTA patterns of CuO/SiO2-P123 (SBA-15) (Fig.4.6.6c & Fig4.6.7c) shows two 

steps of weight loss. The first step occurs 80 oC is due to 3 % weight loss, which is 

attributed to loss of adsorbed H2O on the surface of metal and silica pores. The second 

step occurs over wide range at 200–600 oC is due to 2.3 % weight loss, which is 

corresponded to dehydroxylation of silanol and formation of siloxane bonds (El-

Nahhal et al., 2016; Zhang & Li, 2013). The total weight loss is 5.3 %. 

The difference in the weight loss in the first step beween the silica and the 

encapsulated CuO nanoparticles refers to the presence of crystallize water molecules 

of the metal oxide. It seems that more CuO nanoparticles are absorbed onto SiO2-L81 

than SiO2-P123 (SBA-15) silica.    
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Figure 4.6.6 TGA pattern of (a) SiO2-L81, (b) CuO/SiO2-L81 and (c) CuO/SiO2-P123 (SBA-15). 
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Figure 4.6.7 DTA pattern of (a) SiO2-L81, (b) CuO/SiO2-L81 and (c) CuO/SiO2-P123 (SBA-15). 

 

Table 4.2 Experimental description 

Materials Synthesis description  Material description 

CaO/SiO2-P123 

(SBA-15) 

CaCO3+acetic acid → Ca(CH3COO)2+ SiO2-

P123(SBA-15)                                           

calcination (600 oC, 4 h)  

A fine white powder material 

appearance. 

CaO/SiO2-L81 CaCO3+acetic acid → Ca(CH3COO)2+ SiO2-L81                                       

                                           calcination (600 oC, 4h)  

A dark  mixture contain CaO, 

Ca(OH)2 & CaCO3 is 

encapsulated into grey silica 

1) stirring at 80 oC to dryness 
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness 
2) dried at  100 oC in oven 
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CaO/SiO2-L61 CaCO3+acetic acid → Ca(CH3COO)2+ SiO2-L61                                       

                                           calcination (600 oC, 4 h)  

 

Dark CaO-NPs encapsulated in 

grey silica 

CaO/SiO2-L31 CaCO3+acetic acid → Ca(CH3COO)2+ SiO2-L31                                       

                                           calcination (600 oC, 4 h)  

Cross net shape in grey color 

occupied by CaO-NPs in dark 

color 

MgO/SiO2-P123 

(SBA-15) 

Mg(CH3COO)2+ SiO2-P123(SBA-15)                        

                                          calcination (600 oC, 4 h) 

Fine white powder 

appearance. 

MgO/SiO2-L81 Mg(CH3COO)2+ SiO2-L81                       

 calcination (600 oC, 4 h)  

Noncrystalline MgO-NPs 

encapsulated meso-silica 

MgO/SiO2-L61 Mg(CH3COO)2+ SiO2-L61                       

 calcination (600 oC, 4 h)  

 

Cubic MgO-NPs encapsulated 

mesoporous silica 

 

MgO/SiO2-L31 Mg(CH3COO)2+ SiO2-L31                       

 calcination (600 oC, 4 h)  

ZnO/SiO2-P123 

(SBA-15) 

Zn(CH3COO)2+ SiO2-P123(SBA-15)                        

                                              calcination (600oC, 4h) 

ZnO-NPs impregnated into 

silica pores, with expantion of 

silica walls. 

ZnO/SiO2-L81 Zn(CH3COO)2+ SiO2-L81                       

 calcination (600 oC, 4 h)  

large hexagonal ZnO-NPs 

outside the silica, some other 

ZnO-NPs encapsulated into the 

silica in dark color 

ZnO/SiO2-L61 Zn(CH3COO)2+ SiO2-L61                       

 calcination (600 oC, 4 h)  

Dark ZnO-NPs encapsulated in 

grey silica 

ZnO/SiO2-L31 Zn(CH3COO)2+ SiO2-L31                       

 calcination (600 oC, 4 h)  

Dark ZnO-NPs as nanowire 

impregnated into grey silica 

channel 

CuO/SiO2-P123 

(SBA-15) 

Cu(CH3COO)2+ SiO2-P123(SBA-15)                        

                                              calcination (600oC, 4h) 

CuO-NPs impregnated into 

silica pores, with expantion of 

silica walls. 

CuO/SiO2-L81 Cu(CH3COO)2+ SiO2-L81                       

 calcination (600 oC, 4 h)  

Dark CuO-NPs encapsulated 

into grey silica. 

CuO/SiO2-L61 Cu(CH3COO)2+ SiO2-L61                       

 calcination (600 oC, 4 h)  

Monoclinic CuO-NPs 

impregnated into lamellar 

silica 

1) stirring at 80 oC to dryness 
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness 
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 
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CuO/SiO2-L31 Cu(CH3COO)2+ SiO2-L31                       

 calcination (600 oC, 4 h)  

Monoclinic CuO-NPs 

impregnated into lamellar 

silica 

 

4.7  Conclusion  

Metal oxides (CaO, MgO, CuO and ZnO) are encapsulated into/onto mesoporous 

silica materials using impregnation method. Four different mesoporous silica host 

materials are involved (SiO2-P123 (SBA-15), SiO2-L81, SiO2-L61 and SiO2-L31). 

Several characterization techniques were used to investigate the structural properties 

of the synthesized metal oxides encapsulated mesoporous silica materials include 

fourier transform infrared spectroscopy (FTIR), X- ray diffraction (XRD), small angle 

X- ray scattering (SAXS), transmission electron microscopy (TEM) and thermal 

gravimetric analysis (TGA). 

FTIR spectra show that metal oxides were physically bonded with silanol group 

within silica pores. Because there is no obvious change in the spectrum of metal oxide 

encapsulated mesoporous silica and the spectrum of mesoporous silica itself. 

For CuO and ZnO encapsulated mesoporous silica XRD patterns prove that CuO and 

ZnO encapsulated mesoporous silica are in crystalline form and there is no presence 

of metal hydroxide form or other impurities. SAXS results for CuO and ZnO 

encapsulated mesoporous silica SiO2-P123 (SBA-15) show that these metal oxides 

were physically bonded with silanol group inside silica pores.  

For CaO encapsulated mesoporous silica, XRD pattern shows a presence of other 

reflection peaks due to Ca(OH)2 (with high intensity) and CaCO3 (with low intensity). 

CaCO3 presence illustrates rapid carbonation of CaO by atmospheric CO2 in 

comparison with other metal oxides. TGA is also confirmed the carbonation of CaO 

with a loss weight step at 440 oC.  

For MgO encapsulated mesoporous silica, XRD patterns show that MgO takes two 

forms, a crystalline form for MgO/SiO2-L31 and MgO/SiO2-L61. While MgO/SiO2-

L81 takes non-crystalline form with no XRD reflection peaks. TEM and SAXS 

confirm that MgO is loaded into/onto mesoporous silica affect the lamellar structure 

of the mesoporous silica.  

1) stirring at 80 oC to dryness    
2) dried at  100 oC in oven 
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SAXS and TEM results for CaO, CuO and ZnO encapsulated onto  mesoporous silica 

SiO2-L81, SiO2-L61 & SiO2-L31 confirmed that these metal oxides are mostly loaded 

onto the surface of the silica and do not affect or change the lamellar structure of the 

mesoporous silica. 

TGA thermograms confirm the thermal stability of the synthesized encapsulated metal 

oxides mesoporous silica materials at high temperature. From XRD patterns, the mean 

particle size of each metal oxide altered with the type of mesoporous silica (Table 

4.1). 
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Chapter Five 

Results and Discussion 

Synthesis and characterization of curcumin–

metal(II) encapsulated mesoporous silica 

complexes.   
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5.1  Introduction  

We used batch method to prepare curcumin metal(II) complexes, where each of 

MO/mesoporous silica systems were mixed with ethanolic curcumin solution. Several 

methods and techniques were used for structural characterization of these new 

materials. These methods include fourier transform infrared spectroscopy (FTIR), X-

ray diffraction (XRD), small angle X- ray scattering (SAXS), transmission electron 

microscopy (TEM), thermal gravimetric analysis (TGA) and ultraviolet-visible 

spectroscopy (UV-vis). 

5.2  Synthesis   

Curcumin-metal(II) complex was prepared by treatment of encapsulated metal oxide/ 

mesoporous silica to curcumin ethanolic solution under shaking to accelerate the 

reaction (Scheme 5.2). curcumin is present in keto-form (a), enol-form (b) and 

curcumin anion (c) as given in scheme 5.1. 

HO

O O

OH

OO

CH3H3C

a
 

O OH

OH

CH3

OO

H3C

HO
b

 

O O

OH

CH3

OO

H3C

HO c
 

Scheme 5.1 Structure of curcumin (a) keto-form, (b) enol-form and (c) curcumin anion. 
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OH

CH3

OOH3C

HO

M
OO

HO

H3C
O O

CH3

OH

MO

HO

O O

OH

OO
CH3H3C

M= Ca, Mg, Cu, Zn

Scheme 5.2 Synthesis of curcumin – metal(II) complex. 

5.3  Fourier transform infrared (FTIR)  

Figure 5.1 shows FTIR spectra of curcumin. The presence of a sharp absorption peak 

at 3513 cm-1 related to phenolic –OH stretching vibration (Subhan et al., 2013). The 

small peaks at 3023 cm-1 and 2970 cm-1 are due to the aromatic (C-H) and methyl (C–

H) stretching vibration, respectively (Subhan et al., 2013). The most prominent band 

in the IR spectrum at 1420-1630 cm-1 attributed to the mixture of stretching vibrations 

of (C=C) and C=O stretching vibration of curcumin (Gangwar et al., 2013; Mohan et 

al., 2012; Subhan et al., 2013). C=O stretching vibration appears at low frequency 

due to high conjugation system. The peaks at 1277 cm-1 is attributed to enol and 

phenol (C–O) stretching vibrations (Mohan et al., 2012). An absorption band centered 

at 1161 cm-1 correspond to the in-plane deformation vibration of phenyl rings. The 

peak at 1026 cm−1 is related to C–O–C vibration and benzoate trans-CH vibration at 

961 cm−1 (Mohan et al., 2012).  The peak at 864 cm-1 belongs to the C-H out-of-plane 

vibration of aromatic rings. The IR band at 820 cm-1 assigned to the highly mixed (C-

H) and aromatic (C–CH) bending vibrations (Subhan et al., 2013). The out-of-plane 

vibrations of both OH groups are found at 458 cm-1 (Mohan et al., 2012; Subhan et 

al., 2013).  
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Figure 5.1 FTIR spectrum of curcumin 

Figure 5.2 (a & b) shows FTIR spectra of CaO/SiO2-L81 and curc-Ca(II)/SiO2-L81, 

respectively. Three absorption regions are detected at 3000-3600 cm-1, 1400-1800 cm-

1 and 400-1300 cm-1 due to ν(O-H); ν(C-O) & δ(O-H); ν(Ca-O) and (Si-O-Si) 

vibrations, respectively. The sharp peak at 3643 cm-1 (Figs. 5.2b) is due to ν(O-H) of 

Ca(OH)2. The broad band at 3400-3600 cm-1 (Figs.5.2 (a & b)) due to ν(O-H) of 

hydrogen bonded of hydroxyl groups with silica (Yang  et al., 2008; Zaki et al., 

2006). A peak at 1645 cm-1 (Figs.5.2 (a & b)) is assigned due to δ(O-H) bending 

vibration of hydroxyl groups. The decrease of peak intensities of absorption peaks at 

3400-3600 cm-1 and 1645 cm-1 (Fig.5.2b) is probably due to the complexation of 

curcumin with metal into/onto the silica pores. In Figure 5.2b, several peaks around 

1511 cm-1 and 1428 cm-1 indicate curcumin – calcium complex (Zhao et al., 2010; 

Mohanan, 2014). In Figure 5.2 (a & b), the three peaks at 1087 cm-1 (broad), 800 cm-1 

and 459 cm-1 are due to (Si-O-Si) asymmetric, symmetric stretching and bending 

vibrations of silica network, respectively (Wu et al., 2013; Yang  et al., 2008). The 

shoulder at about 510 cm-1 (Fig. 5.2a) is due to ν(Ca-O) for encapsulated CaO into 

mesoporous silica. The absence of this shoulder at 510 cm-1 (Fig.5.2b) is a good 

evidence for the formation of curcumin-calcium(II) complex. Other curcumin peaks 

are probably obscured within broad, intense mesoporous silica absorption peaks (Das, 

2011). 
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Figure 5.2 FTIR spectrum of (a) CaO/SiO2-L81 and (b) curc-Ca(II)/SiO2-L81. 

5.4  X- ray diffraction (XRD) 

XRD patterns for CaO/SiO2-L81 and curc–Ca(II)/SiO2-L81 are depicted in Figure 5.3 

(a & b), respectively. CaO/SiO2-L81 (Fig.5.3a) exhibits reflection peaks corresponded 

to CaO faced-center cubic structure (*), hexagonal structure Ca(OH)2 ($) and CaCO3 

(♦) (Stutzman, 1996). After the interaction between CaO/SiO2-L81 with curcumin, 

XRD exhibits reflection peaks corresponded to face-centered cubic structure of CaO 

(*) and hexagonal structure of Ca(OH)2 and almost essential part of CaCO3 reflection 

peaks are disappeared (Fig.5.3b) (Stutzman, 1996). The intensity of peaks 

corresponding to CaO decreases after intraction with curcumin. The obvious reason 

for this behavior is that only the surface CaO-NPs are in access for complexation with 

curcumin, but entrapped of CaO-NPs are not accessible for curcumin molecules. This 

is the reason behind that CaO-NPs at the surface are mostly converted to CaCO3 

which were consumed for the complexation with curcumin. Further evidence for the 

involvement of CaCO3 in complexation with curcumin is confirmed by TGA 

(Fig.5.9), where there was a reduction of CO2 weight loss peak after treatment with 

curcumin. 

Figure 5.4 (a & b) shows XRD patterns of MgO/SiO2-L81 and curc–Mg(II)/SiO2-L81, 

respectively. No diffraction peaks were detected for MgO/SiO2-L81 and curc-Mg(II) 
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/SiO2-L81 (Fig.5.4 (a & b)). The absence of these peaks does not give an obvious 

indication about the formation of curcumin-Mg(II) complex.  

Figure 5.5 (a & b) shows XRD pattern of CuO/SiO2-L81 and curc–Cu(II)/SiO2-L81, 

respectively. CuO/SiO2-L81 (Fig.5.5a) exhibits reflection peaks corresponded to 

monoclinic phase of CuO (Dong et al., 2015). Similar diffraction pattern was detected 

for curc–Cu(II)/SiO2-L81 (Fig.5.5b) with less intense reflection peaks in comparison 

with CuO/SiO2-L81. The presence of these reflections suggest that CuO is not 

completely react with curcumin.  

Figure 5.6 (a & b) shows XRD pattern of ZnO/SiO2-L81 and curc–Zn(II)/SiO2-L81, 

respectively. ZnO/SiO2-L81 (Fig.5.6a) exhibits reflection peaks correspond to 

wurtzite ZnO structure (İpeksaç et al., 2013). Curc–Zn(II)/SiO2-L81 XRD pattern 

(Fig.5.6b) has similar diffraction pattern of ZnO/SiO2-L81 (Fig.5.6a) with a small 

decreasing in reflection intensities. The decreasing of intensity of reflection peaks of 

ZnO components indicates the curcumin complexation with Zn(II). The presence of 

ZnO reflections for curc-Zn(II)/SiO2-L81 prove the presence of unreacted ZnO 

nanoparticles. 
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Figure 5.3 XRD pattern of (a) CaO/SiO2-L81 and (b) curc–Ca(II)/SiO2-L81. 
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Figure 5.4 XRD pattern of (a) MgO/SiO2-L81 and (b) curc–Mg(II)/SiO2-L81. 
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Figure 5.5 XRD pattern of (a) CuO/SiO2-L81 and (b) curc–Cu(II)/SiO2-L81. 
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Figure 5.6 XRD pattern of (a) ZnO/SiO2-L81 and (b) curc–Zn(II)/SiO2-L81. 

5.5 Small angle X- ray scattering (SAXS) 

Figure 5.7 (a-c) shows SAXS pattern of SiO2-L81, CaO/SiO2-L81 and curc–Ca(II) 

/SiO2-L81, respectively. SiO2-L81 (Fig.5.7a) exhibits two reflection peaks related to 

(001) and (002) correspond to lamellar mesoscopic structure (Dovgolevsky et al., 

2008). In Figure 5.7b, the intensity of all reflections decrease, which indicates that 

pore blocking by CaO-NPs have partly destroyed the lamellar structure of SiO2-L81 

(Haung et al. 2010). Curc–Ca(II)/SiO2-L81 SAXS pattern (Fig.5.7c) has similar 

SAXS pattern for CaO/SiO2-L81. This suggests that the formation of curcumin- 

calcium(II) complex does not alter the mesoscopic structure of SiO2-L81. 
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Figure 5.7 SAXS pattern of (a) SiO2-L81, (b) CaO/SiO2-L81 and (c) curc–Ca(II)/SiO2-L81. 

5.6 Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) used to determine chemical changes, which 

result as changes in mass when material is heated. Thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) are examined for curc-M(II)/SiO2-L81 

and curc-M(II)/SiO2-P123 (SBA-15)  (Fig.5.8, Fig.5.11, Fig.5.12, Fig.5.13) under 

nitrogen at 25-600 oC at rate 10 oC/min. Curcumin was stable up to 150 oC and the 

DTA peak observed at 75 oC due to loss of physically adsorbed water.   

TGA – DTA pattern of curc-Ca(II)/SiO2-L81 and curc-Ca(II)/SiO2-P123 (SBA-15) 

(Fig.5.8) show three loss weight steps. For curc-Ca(II)/SiO2-L81, the first step at 65 
oC due to 4.5 % weight loss that corresponds to loss of adsorbed water. The second 

step at 175 – 430 oC due to 4.5 % weight loss that attributed to decomposition of 

curcumin. The third step above 430 oC due to 1.5 %, which is due to decomposition of 

CaCO3 (Gangwar et al., 2013;  Mohanan, 2014; Zaki et al., 2006). The total loss is 

about 10.5 % of initial weight.  

For curc-Ca(II)/SiO2-P123 (SBA-15), the first step at 65 oC due to 6.5 % weight loss 

that corresponds to loss of adsorbed water. The second step at 200 – 430 oC due to 6 

% weight loss that attributed to decomposition of curcumin. The third step above 430 
oC due to 0.5 %, which is due to decomposition of CaCO3 (Gangwar et al., 2013;  

Mohanan, 2014; Zaki et al., 2006). The total loss is about 13 % of initial weight.  
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CaO, CaO/SiO2-L81 and curc-Ca(II)/SiO2-L81 thermograms (Figs.5.9 (a-c)) show 7.2 

%, 4 % and 1.5 % weight loss at 430 oC, respectively. This loss is attributed to 

decomposition of CaCO3 to CaO and loss of CO2. It was decreased from 7.2 to 4 % 

due to encapsulated of CaO with SiO2-L81 and from 4 to 1.5 % due to complexation 

of calcium(II) with curcumin, which decrease the available area of CaO and decrease 

the adsorption amount of CO2. 

CaO, CaO/SiO2-P123 (SBA-15) and curc-Ca(II)/SiO2-P123 (SBA-15) thermograms 

(Figs.5.10 (a-c)) show 7.2 %, 1.2 % and 0.5 % weight loss at 430 oC, respectively. 

This loss is attributed to decomposition of CaCO3 to CaO and loss of CO2. It was 

decreased from 7.2 to 1.2 % due to encapsulated of CaO within SiO2-P123 (SBA-15)  

and from 1.2 to 0.5 % due to complexation of calcium(II) with curcumin, which 

decrease the available area of CaO and decrease the adsorption amount of CO2. The 

weight loss is 0.5 % for curc-Ca(II) /SiO2-P123 (SBA-15), but the weight loss is 1.5 

% for curc-Ca(II)/SiO2-L81. This different is probably related to the percent of 

calcium(II) with curcumin complexation. 
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Figure 5.8 TGA – DTA pattern of (a, a') curc-Ca(II)/SiO2-L81 and (b, b') curc-Ca(II)/SiO2-P123 

(SBA-15). 
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Figure 5.9 TGA pattern of (a) CaO, (b) CaO/SiO2-L81 and (c) curc-Ca(II)/ SiO2-L81.  
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Figure 5.10 TGA pattern of (a) CaO, (b) CaO/SiO2-P123 (SBA-15) and (c) curc-Ca(II)/SiO2-P123 

(SBA-15). 

Figure 5.11 shows TGA – DTA pattern of curc-Mg(II)/SiO2-L81 and curc-Mg(II)/ 

SiO2-P123 (SBA-15). TGA-DTA pattern of curc-Mg(II)/SiO2-L81 shows three loss 

weight steps. The first step (shoulder) and second step at 75 oC and 135 oC are due to 

2.5 % and 6.5 % weight loss that are probably due to loss of adsorbed water and 

elimination of the crystalline water (Mohanan, 2014; Zebib et al., 2010). The third 

step after 250 oC due to 4.2 %, which is due to chemical decomposition of curcumin 
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without formation of thermally stable intermediates up to 600 oC (Zebib et al., 2010). 

The total loss is about 13.2 % of initial weight.  

TGA-DTA pattern of curc-Mg(II)/SiO2-P123 (SBA-15) shows two steps of weight 

loss. The first broad step at 75 oC due to 9 % weight loss that corresponds to loss of 

adsorbed water and is probably due to elimination of the crystalline water (Mohanan, 

2014; Zebib et al., 2010). The second step above 230 oC due to 4.8 %, which is due to 

curcumin decomposition without formation of thermally stable intermediates up to 

600 oC (Zebib et al., 2010). The total loss is about 13.8 % of initial weight.  
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Figure 5.11 TGA–DTA pattern of (a, a') curc-Mg(II)/SiO2-L81 and (b, b') curc-Mg(II)/SiO2-P123 

(SBA-15). 

Figure 5.12 shows TGA-DTA pattern of curc-Cu(II)/SiO2-L81 and curc-Cu(II)/SiO2-

P123 (SBA-15). TGA – DTA pattern of curc-Cu(II)/SiO2-L81 shows three loss 

weight steps. The first step at 65 oC due to 5 % weight loss that corresponds to loss of 

adsorbed water. The second step at 287 oC due to 1.1 % weight loss that is probably 

due to condensation of silanols of silica precursors. The third step above 410 oC due 

to 1.6 %, which is due to curcumin decomposition (Mohanan, 2014; Zebib et al., 

2010). The total loss is about 7.7 % of initial weight. 

TGA – DTA pattern of curc-Cu(II)/SiO2-P123 (SBA-15) shows three loss weight 

steps. The first at about 65 oC due to 6 % weight loss that corresponds to loss of 

adsorbed water. The second step at 287 oC due to 1.5 % weight loss that is probably 

due condensation of silanols of silica precursors. The third step above 410 oC due to 
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2.3 % that is due to curcumin decomposition (Mohanan, 2014; Zebib et al., 2010). 

The total loss is about 9.8 % of initial weight. A thermally stable decomposition 

product exists after 550 oC. It may be related with the formation of CuO oxide. 
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Figure 5.12 TGA–DTA pattern of (a, a') curc-Cu(II)/SiO2 and (b, b') curc-Cu(II)/SiO2-P123 

(SBA-15). 

Figure 5.13 shows TGA-DTA pattern of curc-Zn(II)/SiO2-L81 and curc-Zn(II)/SiO2-

P123 (SBA-15). TGA-DTA pattern of curc-Zn(II)/SiO2-L81 shows three steps of 

weight loss. The first at 72 oC due to 5 % weight loss that corresponds to loss of 

adsorbed water. The second step at 250 oC due to 2.6 %, which probably due to 

condensation of silanols of silica precursors. The third step at 400 oC due to 1.9 %, 

which is due to curcumin decomposition (Zebib et al., 2010). The total loss is about 

9.5 % of initial weight.  

TGA-DTA pattern of curc-Zn(II)/SiO2-P123 (SBA-15) shows three steps of weight 

loss. The first at about 72 oC due to 5.4 % weight loss that corresponds to loss of 

adsorbed water. The second step at 250 oC due to 2 %, which probably due to 

condensation of silanols of silica precursors. The third step above 400 oC due to 1.6 

%, which is due to curcumin decomposition (Zebib et al., 2010). The total loss is 

about 9 % of initial weight.  
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Figure 5.13 TGA–DTA pattern of (a, a') curc-Zn(II)/SiO2-L81 and (b, b') curc-Zn(II)/SiO2-P123 

(SBA-15). 

5.7 Ultraviolet-Visible spectroscopy (UV-vis) 

Figure 5.14 shows UV-vis spectra of curcumin with different concentrations. A UV-

visible spectrum of the curcumin in ethanol shows absorption maximum at 429 nm 

assigned to the band π→π∗. As concentration decreases, the absorbance also 

decreases. The spectra maintained the absorption peak at 429 nm (Patra & Barakat, 

2011). 
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Figure 5.14 UV-vis spectra of different curcumin concentration for standard curve. 
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Figure 5.15 shows the standard curve of curcumin. The relation between absorbance  

and concentration is linear. 
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Figure 5.15 Curcumin standard curve. 

Figure 5.16 (a & b) shows UV-vis spectra of curcumin solution and curcumin/SiO2-

L81 solution, respectively. UV-vis spectrum of curcumin in ethanol shows absorption 

maximum at 429 nm assigned to the band π→π∗ (Patra & Barakat, 2011). The UV-vis 

spectra of curcumin/SiO2-L81 (Fig.5.16b) shows an absorption maximum at 429 nm. 

It is clear that SiO2-L81 uptake of curcumin from its ethanolic solution is very small 

and there is no change in absorption maximum peak. 
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 Figure 5.16 UV-vis spectra of (a) curcumin solution and (b) curcumin/SiO2-L81 solution. 

Figure 5.17 (a & b) shows UV-vis spectra of curcumin solution and curc-Ca(II)/SiO2-

L81 solution, respectively. UV-vis spectrum of curcumin in ethanol shows absorption 

maximum at 429 nm assigned to the band π→π∗ (Patra & Barakat, 2011). For the 

curcumin-Ca(II) complex (Fig.5.17b),  the maximum absorption peak of  curcumin 

decreases due to the formation of curcumin – calcium (II) complex (Zebib et al., 

2010). 
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Figure 5.17 UV-vis spectra of (a) curcumin solution and (b) curc-Ca(II)a/SiO2-L81 solution. 
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Figure 5.18 (a & b) shows UV-vis spectra of curcumin solution and curc-Mg(II)/SiO2-

L81 solution, respectively. UV-vis spectrum of curcumin in ethanol shows absorption 

maximum at 429 nm assigned to the band π→π∗ (Patra & Barakat, 2011). For the 

curcumin-Mg(II) complex (Fig.5.18b),  the maximum absorption peak of  curcumin 

decreases due to the formation of curcumin – magnesium(II) complex (Zebib et al., 

2010). 
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Figure 5.18 UV-vis spectra of (a) curcumin solution and (b) curc-Mg(II)/SiO2-L81 solution. 

Figure 5.19 (a & b) shows UV-vis spectra of curcumin solution and curc-Zn(II)/SiO2-

L81 solution, respectively. UV-vis spectrum of curcumin in ethanol shows absorption 

maximum at 429 nm assigned to the band π→π∗ (Patra & Barakat, 2011). For the 

curcumin-Zn(II) complexes (Fig.5.19b),  The maximum absorption peak of  curcumin 

decrease due to  the formation of curcumin – zinc (II) complex (Banerjee, 2014; 

Zebib et al., 2010). 
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Figure 5.19 UV-vis spectra of (a) curcumin solution and (b) curc-Zn(II)/SiO2-L81 solution. 

Figure 5.20 (a & b) shows UV-vis spectra of curcumin solution and curc-Cu(II)/SiO2-

L81 solution, respectively. UV-vis spectrum of curcumin in ethanol shows absorption 

maximum at 429 nm assigned to the band π→π∗ (Patra & Barakat, 2011). For the 

curcumin-Cu(II) complex (Fig.5.20),  the maximum absorption peak of  curcumin 

decreases due to the formation of curcumin – copper (II) complex (Banerjee, 2014; 

Zebib et al., 2010). 
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Figure 5.20 UV-vis spectra of (a) curcumin solution and (b) curc-Cu(II)/SiO2-L81 solution. 
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Figures (5.21, 5.22, 5.23 & 5.24) showed curcumin uptake % for MO/SiO2 with 

different Pluronic surfactant (P-123, L-81, L-61 and L-31). Curcumin uptake % was 

determined by batch method by mixing each of metal oxide/silica systems with 

ethanolic curcumin solutions. Measurements were carried out at room temperature 

after 72 h uptake time to reach equilibrium. As shown in the Figures (5.21, 5.22, 5.23 

& 5.24), curcumin uptake % of all metal oxide/silica systems were found in the 

following order: 

SiO2-P123 (SBA-15) > SiO2-L81 > SiO2-L61 > SiO2-L31. 

Figures (5.25, 5.26, 5.27 & 5.28) showed curcumin uptake % for metal oxide 

encapsulated using all four silica systems (SiO2-P123 (SBA-15), SiO2-L81, SiO2-L61, 

SiO2-L31) with different metal oxides (CaO, MgO, CuO and ZnO). Curcumin uptake 

% was determined by batch method. Measurements were carried out at room 

temperature after 72 h uptake time to reach equilibrium. As shown in Figures (5.25, 

5.26, 5.27 & 5.28), curcumin uptake % of all MO/silica systems were found in the 

following order: 

CaO > MgO > CuO > ZnO. 
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Figure 5.21 Curcumin uptake % for CaO/SiO2 with different Pluronic surfactant (P-123, L-81, 

L-61 and L-31). 
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Figure 5.22 Curcumin uptake % for MgO/SiO2 with different Pluronic surfactant (P-123, L-81, 

L-61 and L-31). 
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Figure 5.23 Curcumin uptake % for CuO/SiO2 with different Pluronic surfactant (P-123, L-81, 

L-61 and L-31). 
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Figure 5.24 Curcumin uptake % for ZnO/SiO2 with different Pluronic surfactant (P-123, L-81, 

L-61 and L-31). 
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Figure 5.25 Curcumin uptake % for SiO2-L81 with different metal oxide (CaO, MgO, CuO and 

ZnO). 
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Figure 5.26 Curcumin uptake % for SiO2-L61 with different metal oxide (CaO, MgO, CuO and 

ZnO). 
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Figure 5.27 Curcumin uptake % for SiO2-L31 with different metal oxide (CaO, MgO, CuO and 

ZnO). 
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Figure 5.28 Curcumin uptake % for SiO2-P123 (SBA-15) with different metal oxide (CaO, MgO, 

CuO and ZnO). 

Table 5.1 Metal oxide/silica capacities for curcumin uptake(mg/1 g) 

Metal oxide/silica 

nanocomposites 

Material uptake capacity of curcumin (mg/ 

1g) 

CaO/ SiO2-P123 (SBA-15) 2.657 

CaO/SiO2-L81 2.578 

CaO/SiO2-L61 2.56 

CaO/SiO2-L31 2.524 

MgO/ SiO2-P123 (SBA-15) 2.484 

MgO/SiO2-L81 2.352 

MgO/SiO2-L61 2.183 

MgO/SiO2-L31 2.134 

ZnO/ SiO2-P123 (SBA-15) 2.054 

ZnO/SiO2-L81 2.261 

ZnO/SiO2-L61 1.915 

ZnO/SiO2-L31 1.855 

CuO/ SiO2-P123 (SBA-15) 2.492 

CuO/SiO2-L81 2.291 

CuO/SiO2-L61 2.18 

CuO/SiO2-L31 2.074 
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5.8 Conclusion  

Curcumin–metal(II) complexes encapsulated mesoporous silica were synthesized by 

treatment of curcumin with metal oxide encapsulated mesoporous silica. The 

synthesized materials were characterized using fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), small angle X- ray scattering (SAXS), 

thermal gravimetric analysis (TGA) and ultraviolet-visible spectroscopy (UV-vis).  

SAXS results confirmed that the introduction of curcumin into silica precursors do not 

alter the mesoscopic structure of mesoporous silica. XRD analysis shows that not all 

the metal oxide reacts with curcumin. This is confirmed by a slight decrease of all 

diffraction peaks intensity of metal oxide. FTIR analysis also prove that curcumin is 

chemically bonded with metal oxide. TGA thermogram revealed that the weight loss 

of curcumin is decreased in the following order 6% > 4.8% >  2.8% > 1.5% for the 

complexes of Ca(II) > Mg(II) > Cu(II) > Zn(II), respectively. Curcumin uptake % 

studies show that CaO/SiO2-P123 (SBA-15) is the best for curcumin uptake, curcumin 

uptake % was 96.2 %. 
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Conclusion  

Mesoporous silica materials (SBA-15 and lamellar SiO2) were synthesized using a 

series of triblock copolymer (Pluronic) nonionic surfactant as template by sol-gel 

method. Encapsulated metal oxide into mesoporous silica was synthesized using four 

different metal oxides (CaO, MgO, CuO and ZnO) by impregnation method. The 

curcumin reacted with encapsulated metal oxide mesoporous silica materials to form 

curcumin-metal(II) complexes. These materials were investigated by several 

characterization techniques, such as fourier transform infrared spectroscopy (FTIR), 

X-ray diffraction (XRD), small angle X- ray scattering (SAXS), transmission electron 

microscopy (TEM), thermal gravimetric analysis (TGA) and ultraviolet-visible 

spectroscopy (UV-vis).  

For mesoporous silica materials, XRD analysis showed that these materials were in 

amorphous form. SAXS and TEM confirmed that mesoporous silica synthesized by 

short EO chain surfactant gives lamellar structure, while that synthesized using 

medium EO chain surfactant gives 2D hexagonal (P6mm) structure. As the length of 

PO chain increases,  the mesoscopic structure ordering increases. 

FTIR spectra of encapsulated metal oxide mesoporous silica confirmed that metal 

oxides were physically bonded with silanol groups. SAXS and TEM confirmed that 

the introduction of  metal oxides into mesoporous silica do not alter the mesoscopic 

structure of mesoporous silica. XRD showed that all metal oxides were in crystalline 

form, faced center cubic CaO, face centered cubic MgO, monoclinic CuO and 

wurtzite ZnO. TGA thermogram confirmed the high thermal stability of such 

materials. 

For curcumin-metal(II) encapsulated mesoporous silica, SAXS and FTIR confirmed 

that curcumin was chemically bonded with metal oxides. The curcumin uptake 

capacity is depended on the nature of metal oxides and the nature of mesoporous 

silica. it is found that CaO/SBA-15 was the best for curcumin uptake of 96.2% 
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