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ABSTRACT 

Bridged polysilsesquioxane silica hybrids, synthesized by the combination of SBA-

15 type silica with new synthesized silylating agents containing bridged chains, were 

characterized by elemental analysis, absorption spectroscopy in the infrared region, 

nuclear magnetic resonance in the solid state, X-rays diffraction, 

scanning/transmission electron microscopy and thermogravimetry. The 

sorption/desorption of nitrogen to pure silica, SBA-15 and functionalized hybrids 

resulted in isotherms of type IV with type H1 hysteresis. The structure of the 

precursor mesoporous silica was preserved after post-functionalization with organic 

chains. The precursor and its derivative silicas were ibuprofen-loaded for controlled 

delivery in simulated biological fluids. Surface functionalization with amine and 

other organic groups containing bridged hydrophobic structure resulted in 

significantly decreased surface area, from 802.4 to 63.0 m2g-1 and pore volume to 

0.09 nm, which ultimately increased the drug-loading capacity from 18.0 up to 29 % 

and very slow release rate of ibuprofen over the period of 72.5 h. To investigate the 

release rate and mechanism from these synthesized hybrid materials, Zero-order, 

First-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas models were applied. 

The synthesized materials were also evaluated for their ability to remove the anionic 

dye reactive blue-15 and cationic dye brilliant green from aqueous solutions. The 

hybrid silica showed selective sorption capacity for reactive blue 15, an ionic dye. 

The unmodified silica, SBA-15 showed high ability to remove the cationic dye, 

brilliant green, from the aqueous medium. The obtained equilibrium isotherms were 

fitted to Langmuir, Freundlich and Sips models and the kinetic data were used to fit 

pseudo-first-order and pseudo-second-order. The results suggest that the organo-

functionalized hybrid silicates could be a simple, efficient, inexpensive and 

convenient for the controlled release of drugs and for effective and selective removal 

of organic pollutants such as dyes from the aqueous solutions. 
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Keywords: Mesoporous silica, organo-functionalization, ibuprofen, controlled release 

and dye removal. 
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RESUMO 

Híbridos polisililsesquioxanos arranjados em pontes, foram sintetizados plea 

combinação de sílica SBA-15 com novos agentes sililantes contendo cadeias e 

caracterizados por análise elementar, espectroscopia de absorção na região do 

infravermelho, ressonância magnética nuclear no estado sólido, difração de raios X, 

microscopia eletrônica de varredura e transmissão. Os dados de sorção/dessorção de 

nitrogênio para sílica pura, SBA-15 e os híbridos funcionalizados resultaram na 

isoterma do tipo IV com histerese do tipo H1. A estrutura da sílica mesoporosa ficou 

preservada após a pós-funcionalização com cadeias orgânicas. Sílica SBA-15 e sua 

derivadas foram carregadas com ibuprofeno para liberação controlda em fluidos 

biológicos simulados. Pós-funcionalização da superfície com amina e outros grupos 

orgânicos contendo estrutura hidrofóbica, resultou numa diminuição da área da 

superfície 802,4 - 63,0 m2g-1 e volume de poros de 0,09 nm e aumento capacidade de 

carga de ibuprofeno a partir de 18,0 até 29% e um muito lento taxa de liberação ao 

longo do período de 72,5 h. Para investigar a taxa de liberação e o mecanismo a partir 

desses materiais híbridos sintetizados, Zero-ordem,  Primeira ordem, Higuchi, 

Hixson-Crowell, e Korsmeyer-Peppas modelos cinéticos foram aplicados. Os 

materiais foram utilizados para a liberação controlada do fármaco ibuprofeno. Estes 

também foram avaliados quanto à capacidade de remover o corante aniônico azul 

reativo-15 e o corante catiônico verde brilhante de soluções aquosas. As sílicas 

modificadas apresentaram alta capacidade de carregamento do fármaco ibuprofeno e 

de sorção seletiva para o corante azul reativo 15. A sílica não modificada, SBA-15, 

apresentou alta capacidade de remover o corante verde brilhante. As isotermas de 

equilíbrio obtidas foram ajustadas aos modelos de Langmuir, Freundlich e Sips e os 

dados cinéticos foram ajustados aos modelos de Pseudo-primeira-ordem e Pseudo-

segunda-ordem. Os resultados sugerem que os compostos organofuncionalizados de 

sílica podem ser como os materiais considerados, eficiente, barato e conveniente para 
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a liberação controlada de fármacos e também para a remoção eficaz e seletiva de 

poluentes orgânicos tais como, corantes em soluções aquosas. 

 

Palavras-chave:  Sílica mesoporosa, organo-funcionalizção, ibuprofeno, liberação 

controlada e remoção de corantes. 
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1. Introduction 

The development of inorganic-organic hybrid materials stemmed from 

several different areas of chemistry, including intercalation, but exploded from 

recent decades with the birth of soft inorganic chemistry processes, where 

mild synthetic conditions opened a versatile access to chemically designed 

inorganic-organic materials. Later in the research shifted towards more 

sophisticated nanocomposites with higher added values. Now this area has 

grown to include a large variety of types, extending to other subject areas 

(such as diverse as molecular and supramolecular materials or polymer 

chemistry).  Furthermore, a very significant trend has been the growing 

interest in functional hybrids, which broadens the field even further. 

Therefore, in addition to structure, hybrid materials, bringing the best of glass 

and plastics together, there is a quickly expanding area of research on 

functional materials in mechanical properties which are secondary, though 

certainly not unimportant and the emphasis is on chemical, electrochemical, or 

biochemical activity, as well as on magnetic, electronic, optical, or other 

physical properties or combinations of them [1]. 

The 8th century ancient Maya site in Mexico, known as “Bonampak” 

contained an impressive collection of Fresco paintings characterized by bright 

blue and ochre colours that have been miraculously preserved, as shown in 

Figure 1. A specially striking feature of these paintings was precisely there 

vivid blue hues, the characteristics of what turned out to be hitherto unknown 

pigment known as Maya blue. 

Maya blue is a beautiful example of a remarkable hybrid material and a 

very old one to be sure, but its conception was most likely the fruit of a 

fortunate accident, an ancient serendipitous discovery. It is inorganic-organic 
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hybrid material with molecules of the natural blue dye known as indigo 

encapsulated within the grooves of a clay mineral known as palygorskite. 

Thus, Maya blue combines the colour of the organic pigment and the 

impedance of the inorganic host [1].  

 

  

Figure 1. Mayan wall paintings at Bonampak. 
 

During the past years, a variety of approaches have been developed to 

prepare highly porous and hybrid materials. Preparation of these materials, 

e.g., zeolites and nanoporous carbon, usually involves the use of organic 

templates with different shapes and compositions [2-4].  

Zeolites are the members of the microporous materials which have the 

pore sizes in the 0.2 to 1.0 nm range; they provide excellent catalytic 

properties by virtue of their crystalline alumino-silicate network. However, for 

zeolites longer reaction times, unusual conditions, large numbers of residual 

hydroxyl groups, great sensitivity to deactivation by irreversible sorption or 

steric blockage of heavy secondary products, and the impossibility of using 

their microporosity for synthesis of bulky molecules are some major 

drawbacks. Because of the greater polarity of functional compounds, it is more 
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difficult to exploit the shape selectivity of zeolites for their reactions than in 

the case of hydrocarbons [4]. Thus, mesoporous materials with well-defined 

and larger pore structure remain an active and demanding research area that 

gained extensive attention, interest and introduced a new era to overcome the 

pore size limitation of zeolites [5,6]. Lately, it has been identified that control 

over microporosity in inorganic or organic polymers can be achieved via 

formation of rigid conjugated networks [7]. 

Porous silicates are a huge family of inorganic materials, possessing 

open pore frameworks and large surface area. Mesoporous silicates have 

attracted attention in recent years due to their intrinsic properties such as 

uniform inner mesoporosity, chemical modification and biocompatibility [8-

10].  

The first part of this introduction gives an overview of mesoporous 

materials, mesoporous silica, synthesis and functionalization. The second part 

consists of some applications of mesoporous silica with some relevant 

examples demonstrating the current state of the art of nanomaterials as drug 

delivery systems and the third part describes the need of removal dyes from 

aqueous medium and the use of mesoporous silica as a potential sorbent. 

 

1.1. Porous Materials 

Porous solids are of scientific and technological interest because of their 

ability to interact with atoms, ions and molecules not only at their surfaces, but 

throughout the bulk of the material. A solid is called porous when it contains 

pores with cavities, interstices or channels, which have large diameters [11]. 

Virtually all known materials are porous, except for metals and ceramics that 

are subjected to elevated temperature. Many natural materials such as: woods, 
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corks, marine sponges, bones or structural elements of very simple organisms 

such as diatoms, etc. radiolarians are permeable in nature.  

Initially, the porous materials were used for ion exchange, sorption and 

catalysis. The distribution of sizes, shapes and volumes of the void spaces in 

porous materials directly relates to their ability to perform the desired function 

in a particular application. The need to create uniformity within the pore size, 

shape and volume has steadily increased over recent years because it can lead 

to superior application properties. For example, materials with uniform 

microspores can separate molecules on the basis of their sizes by selectively 

sorbing small molecules from a mixture containing too large molecules. The 

distribution of pore size also limits the ability of the solid to separate 

molecules of different sizes. In addition, to the pore size, the atoms in the 

solids creating spaces in porous materials having high surface area and tunable 

pore size are of great interest, with applications in various fields of science 

and engineering.  

 

1.2. Classification of Porous Materials 

The pores of porous solids can be of two types; open or closed as shown 

schematically in Figure 2. In the latter case, these structures are completely 

surrounded by structural materials, which insulate from outside the pores, 

making them useless in many important operations in which the accessibility 

to a particular fluid is required, such as in catalysis, sorption or filtration. 

Materials with open pores have different natures and have simple connection 

to the surface. In some cases, pores are open on both side or may be 

interconnected [12]. The IUPAC classification of mesoporous materials is 
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based on their average pore width. The porous materials according to the pore 

diameter can be classified into three categories [12]; 

 Pore diameters less than 2 nm are microporous 

 Pore sizes between 2 and 50 nm are mesoporous 

 Pore diameters greater than 50 nm are called macroporous materials 

 Nano is a concept with the size from 1 to 100 nm.  

Therefore, all the above three kinds of porous materials can be 

designated as nanoporous materials. However, in most of the literature, 

nanoporous materials refer to mesoporous or/and microporous materials. 

Unless chemically controlled, porous materials can have pores in the wide 

range mentioned. Porosity is the ratio of the volume of open pores to the total 

volume of the solid. In a porous solid, the surface accessible to a guest 

molecule will be many times higher than that expected from the simple 

geometrical dimensions of the individual particles and brings in, the concept 

of specific surface area [12-14]. 

 

Figure 2. A cross section of a hypothetical porous material showing different 

types of pores; closed (a), open (b), interconnected (c, d), channel (e), 

cylindrical (f) and the roughness of the surface (g).  
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Mesoporous materials can have a wide range of compositions, but 

mainly consists of oxides such as SiO2, TiO2, ZnO2, Fe2O3 or combination of 

mixed oxides SiAlO3.5, SiTiO4, ZrTiO4, Al2TiO5 and ZrW2O8, but also 

mesoporous carbon can be synthesized [15-19].  Most common is to use a 

micellar solution and grow oxide walls around the micelles. Both organic 

metal precursors such as alkoxides [20-21] as well as inorganic salts such as 

metal chloride salts can be used [16]. Alternatively, mesoporous template can 

be used to grow another type of mesoporous material inside it.  

 

1.3.  Mesoporous silica 

The estimable and valuable class of mesoporous silica is normally 

explored as a function of the outstanding properties, mainly those associated 

with high specific surface areas, reaching up 1500 m2g-1 that favor enormous 

quality in creating enough potential for sorption. In addition, the large pore 

volumes, such attain up to 1.5 cm3g-1, uniform pore size with high 

hydrothermal stability and rich surface chemistry due to the presence of active 

silanol groups covering the surface, have significant importance in many 

applied fields. These propitious foments enormously the surface 

functionalization, with attachment of immobilized pendant chains can supply 

considerable change in the original properties [22,23]. Therefore, these 

mesoporous silica nanomaterials have attracted extensive attention and interest 

since they overcome the pore size limitations. 

The discovery of ordered mesoporous silica MCM-41 by Mobil 

corporation scientists in 1992 [24,25], became the starting point of a new 

research field. Mesoporous silica with different pore structures were 

synthesized, for example MCM-41 with hexagonally ordered cylindrical pores 
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and MCM-48 with a cubic pore structure. These materials are synthesized 

with cationic surfactants under basic conditions.  

There has been a large amount of work conducted on the controlled 

syntheses and applications of mesoporous silica, as the most distinguished 

members in the MCM family, exhibits many attractive and important features, 

including high surface area of about 1000 m2g-1, large pore volumes ranging 

from 0.7 to 1cm3g-1, tunable pore sizes from 2 to 10 nm, controlled 

morphology, facile functionalization and good biocompatibility [24,25]. 

Mesoporous silicas M41S mesophases, namely MCM-41 (hexagonal, 

p6mm), MCM-48 (cubic) and MCM-50 (lamellar), as shown in Figure 3, are 

synthesized under basic conditions, using cationic quaternary ammonium 

surfactants, such as cetyltrimethylammonium bromide (CTAB), as the 

structure-directing agent through a liquid crystal templating mechanism [24]. 

At present, periodic mesoporous silicas may be readily synthesized under a 

wide range of pH from strongly acidic to highly basic conditions and from sub 

ambient temperatures to 423 K using nonionic, cationic, anionic, neutral, 

zwitterionic, bolaamphiphile, gemini, binary surfactant mixtures and a variety 

of commercially available polymers [26-35]. 

 

Figure 3. Structures of mesoporous M41S materials: MCM-41 (2D hexagonal, 

space group p6mm) (a), MCM-48 (cubic, space group Ia3¯ d) (b) and MCM-

50 (lamellar, space group p2) (c) [24]. 
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The first mesoporous silica materials synthesized with non-ionic 

triblock polymers were reported in 1998 [20,36]. These materials are named 

SBA-X (Santa Barbara Amorphous), where X is a number corresponding to a 

specific pore structure and surfactant.  

 

1.3.1. Mesoporous silica SBA-15 

SBA-15 type is the most extensively studied mesoporous silica (SiO2), 

which has two-dimensional (2-D) hexagonal arrays of cylindrical mesopores, 

typically with connections much narrower than the main cylindrical 

mesopores. As mentioned before that SBA-15 is templated by surfactants from 

commercially available Pluronic family of poly(ethylene oxide)–

poly(propylene oxide)–poly(ethylene oxide) triblock copolymers, out of which 

Pluronic P123 (EO20PO70EO20) is particularly suitable to template the formation 

of cylindrical mesopores. The modification of synthetic parameters, such as 

aging temperature or incorporation of organic additives, could expand the pore 

diameter from 4 to 26 nm [37-39]. The length of the pores varies from 200 nm 

to several microns [40,41]. 

The calcined SBA-15 has well-ordered hexagonal arrays of mesopores 

and a 2D p6mm hexagonal structure, as shown in Figure 4. From high-dark 

contrast in the TEM image and XRD of SBA-15 type mesoporous silica as 

shown in Figure 4C, the distance between mesopores is estimated to be 11.0 

nm.  
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Figure 4. Scanning electron micrographs (A, B), of as-synthesized hexagonal 

mesoporous silica SBA-15 and (C).TEM image showing the hexagonal 

structure of SBA-15.  

 

Around each mesopore there is a microporous network called the 

corona [36,41]. This network interconnects the mesopores with each other and 

is responsible for the high surface area of SBA-15. The corona is mainly 

supposed to originate from the trapped hydrophilic chain of surfactant P123. An 

additional explanation for the corona is stress-induced defects, where the 

micropore fraction increases with the effective pore wall thickness to average 

pore-diameter ratio [41, 42]. In addition, the thick silica wall less than 3 nm of 

SBA-15, resulted in high thermal and hydrothermal stability compared to the 

traditional MCM-41 type material [43,44].  

Numerous new mesophases were also discovered. These included SBA-

1 and SBA-6 (Pm3n), SBA-2 and SBA-12 (P63/mmc), SBA-11 (Pm3m), 

SBA-16 (Im3m), SBA-8 (cmm)[45]. In addition, several approaches were 

invented to control the pore size of such materials from the low end of 

mesopore dimensions to well in the macropore regime. 

 

C 
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1.3.2. Synthesis of Mesoporous silica  

Sol-gel process and supramolecular self-assembly under hydrothermal 

conditions are the widely practiced synthesis techniques for the preparation of 

all mesoporous silica materials including SBA-15. In the process, silica 

precursors such as tetraethylorthosilicate (TEOS) dissolved in an aqueous 

solution containing surfactant, undergo hydrolysis and condensation to form a 

solution called sol, which contains oligomeric and polymeric silicate species. 

In the presence of surfactant and their aggregates or micelles, the hydrolysis 

and condensation reactions of silica precursors lead to the formation of 

inorganic-organic, surfactant-silicate species that become increasingly 

polymerized and form a gel as the reactions proceed. The self-assembled 

surfactant-silicate material or the gel ultimately precipitates out of the 

solution. The solution is then filtered, and the solid materials are washed and 

treated by calcination or solvent extraction to remove the surfactant-

templating agents to produce the mesoporous silica materials [36,37,46]. 

For the preparation of mesoporous silica materials, an appropriate 

alkoxide, i.e tetramethylorthosilicate (TMOS) or tetraethylorthosilicate 

(TEOS), is mixed with water and a mutual solvent, such as ethyl alcohol or 

methanol, to form a solution, which hydrolysis leads to the formation of 

silanol groups (Si-OH). These species are only intermediates, they react 

further to condense and form siloxane groups (Si-O-Si). Furthermore, as 

temperature and pH affect the rates of hydrolysis, condensation of silica 

precursors and the dynamic self-assembly process in which the silica 

precursors aggregate with the surfactant micelles, these variables should be 

optimized to obtain mesoporous silicas with suitable or optimized structures 
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for various applications. The overall reactions leading to the formation of a 

silica gel starting from TEOS are [47-51].               O                OH  (1)                             (2)  

The hydrolysis of silica precursors and silicate intermediates occurs 

with the oxygen atoms from water molecules, as shown in Equation 1 initiate 

with the nucleophilic attack on silicon atoms of the silica precursors or 

intermediates, regardless of the solution pH [50,51]. Subsequently, the 

condensation reaction, which produces alcohol or water as the byproduct, 

takes place to produce dimers, linear or cyclic silicate trimers, and tetramers 

that grow into a cross-linked network of silicate structures. The rate of the 

hydrolysis reaction decreases as the length of the silicate species increases, 

since the alkyloxide groups on longer silicate chains are worse leaving groups 

owing to their reduced ability to donate electrons, as well as, their increased 

steric hindrance for nucleophilic attack.  

The rate of hydrolysis or condensation of silica precursors during the 

synthesis of mesoporous materials is strongly dependent upon the pH of the 

solution. For example, under basic conditions, hydrolysis of silica precursors 

are accelerated, since OH–, which is a good electron-providing group with a 

small size, can attack effectively the silicon atoms of the silica precursors. 

However, when pH > 8, the condensation rate decreases and even becomes 

reversible. As a result, penta or hexa-coordinated silicate intermediates are 

transiently produced or, conversely, highly cross-linked silicates are unable to 

form in such strongly alkaline solution [52]. 
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 Under acidic conditions, the silanol groups on the silica oligomers are 

easily protonated, making the silicon atoms become more electrophilic. 

Simultaneously, the counter ions (X–), such as F–, Cl–, or Br–, from the acidic 

catalysts or surfactant act as the nucleophiles to attack the silicon atoms [53-

55]. This results in the rapture of Si–O bonds and the formation of Si–X bonds 

that can be more easily hydrolyzed. The silicate species with protonated 

silanols then fuse together or with other silicate species having neutral 

silanols, leading to polymerization. In this process, the stronger nucleophile 

bonded surfactants, catalyze the condensation reaction and often result in 

faster polymerization. The rate of condensation becomes higher at lower pH 

less than 2, whereas at 2 < pH < 8, condensation becomes quicker even at 

higher pH. The rate of condensation becomes the slowest at the isoelectronic 

point (pI) of silica at pH 2, due to zero net charges on the silicon atoms. Under 

this condition, silicates undergo the slowest hydrolysis because of the limited 

amount of available protons or hydroxyl ions on them. However, once 

hydrolyzed, the silica precursors produce either positively and negatively 

charged silicate species that lead to faster condensation. For this reason, 

neutral solutions were once thought inappropriate for synthesis of mesoporous 

silicas with ordered structures [55,56].  

To explain this process further, a packing parameter (p) of an effective 

surfactant ion pair [56] was introduced as a structural variable to analyze the 

geometry of surfactant-silicate mesophases and the phase transformation of 

mesostructures under various conditions. The packing parameter is given by 

the equation p = v/a0lc, where v is the molar volume, a0 is the head-group area 

with minimum energy at the hydrophobic-hydrophilic interface and lc is the 

maximum length of the hydrophobic chain. As the value of p increases, the 

ordered mesostructures change from hexagonal, cubic, and lamellar 
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aggregates to their reverse counterparts due to changes in the physicochemical 

properties of the solutions, which are related to changes in either the surfactant 

v, a0, or lc properties or the reaction conditions such as pH, temperature, and 

type of solvent used in the reaction [56]. 

As reported previously, the synthesis of MCM-41 is possible with 

surfactants at concentrations below the critical micelle concentration (CMC). 

However, it is well-known that surfactants at such low concentrations cannot 

form micelles or mesophases. The hydrolysis and condensation of silica 

precursors such as TEOS without surfactants only lead to the formation of 

amorphous silica [57,58].  

Regardless of the type of surfactant used for the synthesis of 

mesoporous silicas, once the concentration of surfactant reaches the 

surfactant’s critical micelles concentration value, the surfactant molecules in 

aqueous media assemble into micelles with centripetal (hydrophobic) tails and 

centrifugal (hydrophilic) heads, forming a system with the lowest interfacial 

energy. Surfactants with low critical micelles concentration values (CMC) 

were generally found to be suitable for the synthesis of mesoporous silicas 

with highly ordered structures [57], because the low surfactant concentration 

in an aqueous solution allows the separation of molecules in the air/water 

interface. This reduces the surface tension since it is larger for water than for 

the hydrocarbons. Increasing the surfactant concentration in the solution 

further reduces the surface energy until a critical value. At this point, the 

critical micelle concentration (CMC) is reached and aggregates of surfactants 

(micelles) are formed. Similarly, for a given surfactant, any reaction variable 

including pH, temperature, a co-solvent, or an electrolyte that can lower the 

surfactant’s CMC, often lead to mesoporous silicas with well-ordered 

structures [58].  
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Given the fact that the isoelectronic point (pI) of silica is 2.0, silica is 

negatively charged under most pH values [59].  Thus, cationic surfactants, 

which were originally used in mesoporous silica materials syntheses especially 

those with quaternary ammonium head groups and long alkyl chains, are more 

suitable for synthesis of mesoporous silicas. The reason behind their stability 

is the stable positively charged head groups independent of the pH of the 

solution and their comparatively low CMC values [59].  

 

1.3.2.1. Synthesis of SBA-type silica 

A relevant publication [36] demonstrated the use of Pluronic multiblock 

copolymers of high molar masses as templating agents in aqueous acidic 

solutions (pH< 1), to produced SBA-type mesoporous silicas with highly 

ordered mesostructures and tunable large pores. For these syntheses, different 

poly(alkylene oxide) (PAO) triblock copolymers, also known as Pluronic 

triblock copolymers, (e.g., poly(ethylene oxide)–poly(propylene oxide)–

poly(ethylene oxide), i.e., PEO–PPO–PEO, or EOn–POl–EOm), were mixed 

with TEOS at low temperatures of 308 to 353 K and aged for a few days [36]. 

By changing the synthetic conditions, SBA-type mesoporous silicas with 

various pore sizes and wall thicknesses were produced. When the surfactant 

had a low EO:PO ratio, the as-made mesoporous materials had hexagonally 

ordered mesoporous structures, which were named SBA mesoporous silica 

materials. 

The most notable member of this family of materials is hexagonally 

ordered SBA-15 mesoporous silica, which has pore sizes in the range of 3 

to10 nm depending on the specific synthetic conditions used. Increasing the 

surfactant to TEOS ratio in the mixture resulted in the formation of lamellar 
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structure, whereas increasing the EO:PO ratio led to the formation of cubic-

shaped mesoporous silica called SBA-16 [36,59]. When triblock copolymers 

were replaced by star-shaped diblock copolymers, the synthesis led to the 

formation of cubic ordered mesostructures, usually causing a higher surface 

area (>1000 m2g-1) and a smaller pore size (3.0 to 4.5 nm) compared with 

those obtained with Pluronics. Furthermore, whereas shorter EO segments on 

the Pluronic surfactants favored the formation of lamellar-shaped aggregates, 

the longer ones led to the formation of cubic ordered mesostructured materials 

called SBA-11 [36]. 

Irrespective to the synthetic methods and the types of surfactant used, 

after the synthesis of the as-made mesostructured silica materials, all the 

surfactant templates have to be removed to get the pores within the materials. 

This is typically done either by solvent extraction or by high-temperature 

calcination [36,51]. The solvent-extraction method involves stirring the self-

assembled silica-surfactant material in a solvent to wash off the surfactant, 

organic molecules, or ions from the material. As such, this method does not 

degrade the surfactant or the organic templates. Consequently, the extracted 

surfactant or templating agents can be recycled and reused, if necessary. 

Furthermore, this method results in mesoporous silicas with large densities of 

the surface hydroxyl groups, which can assist the materials during its 

functionalization with various guest molecules. However, this method has 

some disadvantages. Most notably, this method often results in incomplete 

removal of the organic templates, which sometimes causes detrimental effects, 

especially when the mesoporous silicas are used in biological systems [52,53].  

The calcination involves heating the as-made surfactant containing 

mesostructured silica material at high temperature, typically above 500 K in 

air or oxygen to remove the surfactant templates in the form of CO2 and H2O 
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[53-59]. This method enables the complete removal of the organic templates 

from the materials; therefore, this method is highly recommended, especially 

when as-synthesized mesostructured materials possess strong interactions 

between their surfactant templates and silica networks or when the final 

mesoporous silica materials are required to be completely free of organic 

templates, for example, for biological applications. The overall synthesis of 

SBA-15 is shown in Figure 5. 

 

 

Figure 5. Synthesis of mesoporous silica SBA-15 using sol gel process. 
 

However, compared with solvent extraction, calcinations of 

mesostructured materials render some disadvantages as well. In particular, 

calcination results in mesoporous silicas with low densities of the surface 

silanol groups. Furthermore, calcination sometimes results in partial collapse 

of the ordered structures or the mesochannel pores in the mesoporous silicas. 

By optimizing the calcination conditions, such as by using relatively low 

heating temperatures and short calcinations times, some of these problems 

could be minimized [55].  
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1.4. Functionalization of mesoporous Silica 

Great attempts have been made in the control of particle size, pore 

diameter, morphology, structure, surface properties and functionalization of 

mesoporous silica to develop their applications in diverse disciplines. The 

combination of organic and inorganic properties of within a single material is 

particularly attractive for scientists because of the possibility to combine the 

enormous functional variation of organic chemistry with the advantages of a 

thermally stable and robust inorganic substrate. The symbiosis of organic and 

inorganic components can lead to materials whose properties differ 

considerably from those of their individual, isolated components. Adjustment 

of the polarity of the pore surfaces of an inorganic matrix by the addition of 

organic building blocks extends considerably the range of materials that can 

be used in many applications, e.g., in sorption, delivery of therapeutic agents, 

chromatography and catalysts [60-64].  

The modification of a stable, solid inorganic matrix with organic 

functionalities such as amines, carboxylic acid, sulfonic acid and thiols [60,63-

65], allow the localized organic or biochemical interactions or reactions. In 

many cases where mesoporous materials were involved, further 

functionalization of these materials on their surfaces were done usually in 

order to improve their chemical and physical properties. As mentioned before, 

mesoporous silicates usually have very high surface and their surfaces are 

covered by silanol groups, which makes the functionalization of the porous 

surface of the mesoporous materials adjustable [63-65].  

The functionalization of mesoporous silicas typically involves the 

introduction of organic functional groups into the materials by using 

organosilanes. The process results in functional groups on the external, 
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internal, or both surfaces of the mesoporous silica material. In some cases, the 

functional groups can also be within the framework of the mesoporous silica 

materials [65]. To achieve organic functionalization of mesoporous silica 

materials, four synthetic strategies can be used generally; 

(i) Stepwise (post-grafting) synthesis 

(ii) One-pot (co-condensation) synthesis  

(iii)  Self-assembly synthesis with bridging organosilanes into periodic 

mesoporous organosilica (PMO) -type materials. 

(iv) Imprint coating method. 

 

1.4.1. Grafting Methods 

The post-grafting synthetic method to functionalized mesoporous silicas 

is comprised generally of two steps: i) synthesis of as-made mesostructured 

silica materials, followed by ii) post-synthetic modification of their surfaces 

with organosilanes as shown in Figure 6. In this procedure, the surface silanols 

act as convenient anchoring points for organic functionalization [67]. Surface 

functionalization by grafting is most commonly carried out by silylation, 

which is accomplished by one of the three procedures in Equations 3 to 5.                          →                                             (3) 

                     →                         (4)                                                   (5) 

Silylation occurs on free (≡Si-OH) and geminal silanol (=Si(OH)2) 

groups, but hydrogen bonded silanol groups are less accessible to modification 

because these groups form hydrophilic networks among themselves [51-53]. 

As the mesoporous silicas have two ‘different’ surfaces, the internal surface in 



19 

 

the mesopores and the external surface. The original structure of the 

mesoporous support is generally maintained after grafting. 

 

 

Figure 6. Synthetic pathways of organic–inorganic hybrid mesoporous silica: 

1. Post-synthesis functionalization or post grafting, 2. Co-condensation or in-

situ grafting and 3. Organic bridged periodic mesoporous silica. 

.  

In grafting the external surface is more accessible and functionalized 

predominantly over the internal mesopore surface [68]. The functional groups 

on the external surface are also more accessible in subsequent reactions, 

leading to reduced selectivity in processes that benefit from pore confinement. 

To minimize the involvement of the external surface in reaction processes and 

to optimize selectivity, it is possible to passivate these surfaces first, before 

functionalizing the internal silanol groups. Controlled dual functionalization 



20 

 

can be achieved by two different sites-selective grafting methods. The first 

grafting step can be carried out with the as-synthesized mesoporous sieves, 

filled with the surfactant template. Exposure of this support to a solution of 

silylating agent results in functionalization mainly of the external surface due 

to steric restrictions in the surfactant-filled mesochannels and after template 

extraction, the internal pore surfaces can also be functionalized with the 

desired organic groups [60,69].  

Grafting processes above described, the silylation reagents are typically 

added under dry conditions to avoid hydrolysis and self-condensation of the 

reagents away from the surface of mesoporous silica [60]. When silylating 

under anhydrous conditions the hydrophilic portion of the silica surface is 

preserved and the resulting functional groups are relatively isolated. By 

employing just enough water in the process to form a monolayer on the pore 

surface, more homogeneous coverage of organoalkoxysilanes can be obtained, 

leading to a higher concentration of functional groups in the final product [60]. 

 

 1.4.2. Co-condensation Methods 

Co-condensation is another strategy shown in above Figure 6, to 

functionalize mesoporous silica surface by sol-gel chemistry. This method, 

also termed direct or one-pot synthesis, a condensable precursor bearing the 

desired functional group is added to the mixture containing the components 

for the formation of the mesoporous silica. In most cases, silanes of the type 

R–Si(ORO)3 are used as precursors. The distribution of the functional groups 

in the final products is typically homogeneous, but the addition of 

organoalkoxysilanes can have a pronounced effect on the pore structure and 

morphology of the mesoporous material [72,73].  



21 

 

Even though bulky organo-alkoxysilane precursors often disturb the 

original textural properties of the systems, some new methods already 

developed to decorate the surface wall efficiently while maintaining the 

mesoporous structure. The synthesis of organic-functionalized mesoporous 

silicas with controlled morphology can be controlled simply by varying the 

mole proportion of the organoalkoxysilane used in the reaction mixture during 

the co-condensation synthesis [72].  

The type of organic groups in the organosilanes can also affect the rate 

of the co-condensation reaction and the density of the organic groups in the 

final organic-functionalized mesoporous silica material [72]. This was 

demonstrated, for example, with co-condensation synthesis of organic-

functionalized mesoporous materials using TEOS and a variety of 

organoalkoxysilanes containing primary amine, secondary amine, urea, 

isocyanate, vinyl, and nitrile [72,73]. 

Each of the two functionalization methods has certain advantages. If 

uniform surface coverage with organic groups is desired in a single step 

synthesis, the direct method may be the first choice. It also provides better 

control over the amount of organic groups incorporated in the structure, but 

the complete removal of the surfactant is not possible.  

 

1.4.3. Self-assembly synthesis  

The third concept to obtain mesoporous organic-inorganic hybrid 

materials is based on a combination of two approaches: i) utilizing surfactant 

that acts as structure-directing agents as in the synthesis of mesoporous pure 

silica on one hand, but instead of using inorganic precursors and ii) bridged 

bis or multi silylated precursors as in the synthesis of hybrid xero or aerogels 
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are applied. The first synthesis of these materials was conducted with 

silsesquioxanes precursors of the type (RO)3Si-R-Si(OR)3 as single source 

precursors leading to materials in which the organic components are as 

bridged groups directly and incorporated into the pore walls and which were 

named periodic mesoporous oregano-silicas [74] as show in Figure 6.  

 

1.4.4. Imprint coating method 

In this method the mesoporous surface is coated with ligands that are 

already bound to metal ions rather than just with the free ligands. When the 

metal ions are removed, the ligands are already positioned for complexation 

with metal ions of the same type. The selectivity for binding the original metal 

ions in competitive binding experiments was greater than in randomly 

functionalized mesoporous materials [75]. 

 

1.5.  Polysilsesquioxane 

Much attention has been paid on the design and fabrication of 

inorganic-organic hybrid materials. In particular, polysilsesquioxanes (PSQs) 

represent this class, of which the Latin prefix “sesqui” means one and a half, 

since the product contains RSiO1/2 unit, where R stands for substituent groups 

such as methyl, ethyl, vinyl, allyl, phenyl, aminopropyl, mercaptopropyl, and 

many others [76-79]. Polysilsesquioxane materials are usually prepared from 

tri-functional silanes by hydrolytic sol-gel process as shown in Figure 7. These 

compounds are formed under various reaction conditions, and can take various 

three dimensional structures. 
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The first reported [76] ladder-like phenylsilsesquioxane was 

synthesized by equilibration polymerization 1960. Later a new polymerization 

method called ‘stepwise coupling polymerization’ was reported to synthesize 

reactive ladder-like polysilsesquioxane (LPS) in 1980 [77], which involved 

pre-aminolysis of trichlorosilane, followed by hydrolysis and 

polycondensation. Using this polymerization method, preparation of poly 

(hydrosilsesquioxane) [80] as well as LPS containing epoxy, allyl, vinyl, 

amine, ester, alcohol [81-83], liquid crystalline mesogenic groups and non-

linear optical (NLO) chromophores [81,85], have been reported. Inorganic 

silicon-oxygen framework offers the material stability and the organic 

functional groups offer the materials functional site for versatile applications. 

 

 

Figure 7. Synthesis of polysilsesquioxanes with different monomers. 
.  

Several structures are possible for silsesquioxanes, random, ladder, 

partially cage and cage (e.g., T8, T10 and T12) types, shown in Figure 8, are 

known to date [81].  Among them, ladder-type silsesquioxanes are expected to 

present better properties because of possible polymeric forms, highly ordered 
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structures, and double-chain structures. PSQs possess superior heat, radiation, 

water and fireproof resistance, high laser threshold values, outstanding 

electrical properties, as well as being able to form high-strength films and 

these abilities make them suitable for applications in coatings, electronic and 

optical devices [81]. The use of ladder-like PSQs in photo resistors, interlayer 

dielectrics [81], protective coating films for semiconductor devices [86], liquid 

crystal display elements[87], magnetic recording media and optical fiber 

coatings, gas separation membranes, binders for ceramics and controlled 

release drugs, as well as additives in cosmetics and resins [88]. 

 

 

Figure 8. Generation of different structure during hydrolysis of trifunctional 

silanes. 

 

Considerable interest has been concentrated on the synthesis of 

polysilsesquioxane spheres in chemistry and physic fields due to their specific 

properties such as excellent thermal stability, lubricity, weather resistance, 
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solvent resistance and good physiological inertia. The preparation of PSQs 

spheres has an equally wide range of applications, including photonic crystals, 

biosensors, pollution treatment, plastic, catalyst and luminescence [83-88]. 

These characters and potential applications make polysilsesquioxane spheres 

most attractive issue in colloidal science. 

 

1.5.1. Bridged Polysilsesquioxanes 

Bridged polysilsesquioxanes (BPSQs) are a family of hybrid inorganic-

organic materials and a new class of polysilsesquioxanes, prepared by sol gel 

processing of monomers that contain variable organic bridging groups and two 

or more trialkoxysilyl groups, linking two silicon atoms together; to obtain 

hybrids with uniformly mixed both organic and inorganic moieties at the 

molecular level as shown in Figure 9. Accessible monomers include, 

normally, two alkoxysilyl groups or silyl chlorides as inorganic precursors and 

the organic bridge group may vary from alkane, alkene, alkyne and aromatic 

to functionalize inorganic structures. Solid materials with new properties have 

been prepared in this way and in this context, BPSQs rapidly developed as 

potentially applicable hybrid materials in many areas of interest, such as in 

heterogeneous catalysis, solid-phase extraction  and nonlinear optics [89-92]. 

The challenge for materials chemists is to direct the organization of these 

solids for an optimal accessibility of the organic functionalities. In this 

currently expanding area, the surfactant-mediated route for the structuration of 

silica has successfully been extended to BPSQs [93,94]. In all cases, external 

templating macromolecules or supramolecular assemblies were employed as 

the main structuring agent. Moreover, it has been demonstrated that weak 
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interactions between aromatic units in the solid could afford anisotropic 

nanostructured materials [95]. 

 

1.5.2. Synthesis of bridged polysilsesquioxanes 

Bridged polysilsesquioxanes are prepared by sol-gel processing of 

monomers as shown in Figure 9, that contain a variable organic bridging 

group and two or more trifunctionalsilyl groups. In most cases gelation occurs 

more quickly and at lower concentrations than for silica sol-gels. Furthermore, 

polysilsesquioxane gels form with compositions that are inaccessible by sol-

gel polymerization of organotrialkoxysilanes with or without silica co-

monomers. The bridged construction of the monomer permits hybrid gels with 

homogenous mixing of organic and inorganic phases to be prepared with 

optically, mechanically or chemically responsive functions. By varying the 

bridging group, nonporous and porous forms can be obtained as films, fibers, 

powders or monoliths. The choice of the bridging group also can be used to 

control the size of pores [89-95].  

This kind of research is divided mostly into Sol-Gel Chemistry [94] and 

Pore Templating [95]. The investigation of the sol-gel polymerization of 

molecular precursors to bridged polysilsesquioxanes was undertaken to 

determine if the porosity of amorphous hybrid materials could be controlled at 

the molecular level. Rigid arylene and acetylene bridging groups were used in 

these initial studies. Both trichlorosilyl and triethoxysilyl substituted systems 

were examined before the triethoxysilyl group was selected because of its 

lower reactivity and opportunity for a greater degree of control over the sol-

gel process [95,96].  
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Figure 9. Sol gel synthesis of bridged polysilsesquoxanes. 
 

There are a number of synthetic approaches to prepare the monomers 

for bridged polysilsesquioxanes. Nearly all of the approaches were designed to 

permit the sol-gel monomer to be prepared in 1-2 steps from readily available 

starting materials. The three most commonly used approaches [90-96] are: 

 Metalation of aryl, alkyl, and alkynyl precursors followed by reaction with 

a tetra functional silane, 

 Hydrosilylation of dienes (or polyenes) or, less commonly of diynes, 

 Reaction of a bifunctional organic group with an organo trialkoxysilane 

bearing a reactive functional group, 
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Functionalization of an organotrialkoxysilane permits a great number of 

bridging groups to be prepared from readily available starting materials. For 

example, an electrophilic substituent on the organo-trialkoxysilane can be 

reacted with any organic molecule with two or more nucleophilic groups 

[97,98]. Electrophilic groups attached to organotrialkoxysilanes include 

isocyanates, alkyl or benzyl halides, epoxides, acrylates, and maleimides being 

isocyanates the most frequently used. Isocyanates react readily with amines to 

give urea linkages with alcohols in the presence of tin or acidic catalysts to 

give urethane linkages [94,99] or with carboxylic acids to give, after 

decarboxylation, an amide linkage. Alkyl halides substituted 

organotrialkoxysilanes have been used with diamines to give bridging groups 

with amino functionalities. Alternatively, organotrialkoxysilanes with 

nucleophilic groups can be induced to react with organic groups with two or 

more electrophilic groups. Nucleophilic functionalities commonly available on 

organotrialkoxysilanes include amines and thiols. Hydroxyl groups exchange 

with alkoxide groups attached to the silicon and is not commonly found in 

organic groups attached to organotrialkoxysilanes.  

Amines have proven to be one of the most useful starting materials for 

preparing bridged monomers. A number of amide-containing bridges have 

been prepared from precursors bearing two or more sulfonyl chlorides or acid 

chlorides. Bridging groups based on Schiff bases have been prepared by 

reacting (aminopropyl) trialkoxysilanes with diortrialdehydes. Currently, it is 

easy to prepare porous BPS materials with rigid organic chain bridging groups 

originated from methane, ethane, ethylene, as well as small organic aromatics 

such as thiophene, xylene and benzene [100]. If a functional group such as –

NH2 or –OH was introduced into the bridge, the obtained BPS material should 

show high chemical reactivity towards target molecules or ions. 
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Unfortunately, the long, flexible bridge having reactive functional groups 

leads to the formation of nonporous structure.  

Some researchers believe that such BPS materials with long flexible 

bridges are more susceptible to collapsing during the last stages of the sol–gel 

treatment, i.e. aging and drying, which lead to the decrease of specific surface 

area and porosity [101]. The collapse of pores is not desirable during the 

synthesis of adsorbents. The interaction between the functional groups may 

also be a reason for the phenomenon.  

 

1.6.  Drug delivery  

Every drug molecule needs a delivery system to carry the drug to the 

site of action upon administration to the patient. Drug delivery is the method 

or process of administering a pharmaceutical compound to achieve a 

therapeutic effect in humans or animals. It is also defined as a formulation or 

devices that enable the introduction of therapeutic substances in the body and 

improve its efficacy and safety by controlling the rate, time and place of 

release of drugs in the body. This process includes the administration of 

therapeutic product and the release of the active ingredient by product, and the 

subsequent transport of the active ingredients across the biological membranes 

to the site of action. The term therapeutic substance also applies to an agent 

such as gene therapy that will induce in vivo production of the active 

therapeutic agent. Drug delivery system is an interface between the patient and 

the drug. It may be a formulation of the drug to administer it for a therapeutic 

purpose or a device used to deliver the drug [102]. The drug may be 

introduced into the human body by various anatomical routes. They may be 

meant for systematic effects or target to various organs and diseases. The 
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choice of the route of administration depends on the disease, the effect desired 

and the product available. The drug may be administrated directly to the organ 

affected by the disease or given systematically and targeted to the affected 

organ [102]. Various methods of systematic drug delivery by anatomical route 

are: 

i) Gastrointestinal system includes oral and rectal 

ii) Parenteral that includes subcutaneous, intramuscular, intravenous 

and intra-arterial injections; 

iii) Transmucosal: buccal and through mucous lining the rest of the 

gastrointestinal tract; 

iv) Transnasal; 

v) Pulmonary: drug delivery by inhalation; 

vi) Transdermal drug delivery; 

vii)  Intra-osseous infusion. 

Among these routes the oral route of drug administration is the most common 

route for conventional as well as novel drug delivery. The reason for this 

preference is obvious because of the easiness of administration and 

widespread acceptance by patients. Drugs taken orally for systemic effects 

have variable sorption rates and variable serum concentration which may be 

unpredictable. This has contributed to the development of sustained release 

and controlled-released formulations [102]. 

 

1.6.1. Controlled Drug Delivery 

As mentioned before the controlled drug delivery systems are designed 

to enhance drug therapy. There are several motivations for developing 

controlled delivery systems, which may depend on the drug of interest. 
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Controlled delivery systems have been devised to enable superior control of 

drug exposure over time, to assist drug in crossing physiological barriers, to 

shield drug from premature elimination and to shepherd drug to the desired 

site of action while minimizing drug exposure elsewhere in the body [103]. 

 Controlled delivery systems may also increase patient compliance by 

reducing frequency of administration and may add commercial value to 

marketed drugs by extending patent protection. Finally, the use of controlled 

release technology may reduce variability of performance of drug products. 

The latter aspect is increasingly important, given the current emphasis on 

“quality by design” by regulatory agencies. The mechanisms used to 

accomplish these goals are diverse, complex and depend on the particular 

application. In fact, several mechanisms may operate simultaneously or at 

different stages of a delivery process. An understanding of these mechanisms 

is important when designing and manufacturing control drug delivery systems 

and in identifying potential failure modes. Delineation of the mechanism is 

also important in the intellectual property prosecution and quality 

assurance/quality control [103]. 

Release of the drugs can be achieved using various types of dosage 

forms including tablets, capsules, creams, ointments, liquids, aerosols, 

injections and suppositories. Most of these conventional drug delivery systems 

are known to provide an immediate release of the drug with little or no control 

over delivery rate. To attain and maintain therapeutically effective plasma 

concentrations, several doses are needed daily, which may cause significant 

variations in plasma levels. Because of these variations in drug plasma levels, 

the drug level could fall below the minimum effective concentration/level or 

exceed the minimum toxic concentration/level (MTC) as shown in Figure 10.  
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Figure 10. Conventional (a) and controlled release (b) profiles showing 

maximum and minimum desired levels of therapeutic agent. 

 

Such fluctuations result in unwanted side effects or lack of intended 

therapeutic benefit to the patient. Sustained-release and controlled drug 

delivery systems can reduce the undesired fluctuations of drug levels, thus 

diminishing side effects while improving the therapeutic outcome of the drug 

[104]. The Sustained-release dosage forms are systems that prolong the 

duration of the action by slowing the release of the drug, usually at the cost of 

delayed onset and its pharmacological action. While the controlled drug 

systems are more sophisticated than just simply delaying the release rate and 

are designed to deliver the drug at specific release rates within a 

predetermined time period. Targeted delivery systems are also considered as a 

controlled delivery system, since they provide spatial control of drug release 

to a specific site of the body [104]. 

Over the past few decades, one of the most appliance fields to generate 

utility of inorganic materials is the significant medical advances in the drug 

delivery area, with the development of controlled release as a form to dosage 

the desired medicine for a specific treatment. For this purpose, there are a 
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large variety of formulations devoted to oral controlled drug release associated 

also with its physical properties that can influence the deliverance process for 

the investigated formulations [105].  

However, the aim of the controlled release systems is to maintain the 

drug concentration in the blood stream or in target tissues at a desired value, as 

long as possible that is able to exert a control on the rate process and for a long 

time of continuance [106]. In general, the controlled release system initially 

leaves free part of the dose contained to attain rapidly the effective therapeutic 

concentration of the medication. Then, the kinetic of the release follows a 

well-defined behavior to supply the dose maintenance to attain the desired 

drug concentration [107]. 

A variety of drug delivery system consists of a polymeric favorable 

matrix that can bond the desired medicine through a physical or chemical 

process on its surface, to further release under appropriate conditions [108]. A 

wide number of materials have been explored for this purpose, ranging from 

polymeric blend until polymeric complex structures based on some 

composites involving different materials, including bioactive glasses and 

ceramics [109, 110], as shown in Figure 11.  
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Figure 11. Different pharmaceutical carriers. 

 

From a practical point of view, the drug can be directly deposited by 

means of compression, wet granulation or mechanical mixture of both matrix 

and drug. However, these general methods have the disadvantage to yield 

samples with heterogeneity due to the difficulty of ensuring the drug 

homogeneously distributed through all matrices, which can affect the release 

rate, when compared different samples from the same matrix. Therefore, much 

improvement in this field would be expected if chemically homogeneous 

materials, possessing well-defined porosity, with ability in accepting available 

organic guest molecules, such as those that have specific functions as required 

for the medicine activity.  

An enormous amount of inorganic or organic natural or synthetic 

materials are potentially useful for such applications, which ordered 

mesoporous silicas clearly fulfilled these required conditions. This focused 
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synthetic polymeric material has a pore network with a hexagonally ordered 

array of uniform two-dimensional mesopore distribution [111]. 

 

1.6.2. Advantages and Disadvantages of Controlled delivery 

Systems. 

Advantages of controlled release drug delivery systems include delivery 

of a drug to the required site, maintenance of drug levels within a desired 

range, reduced side effects, fewer administrations, and improved patient 

compliance. However, there are potential disadvantages that should not be 

overlooked. Disadvantages of using such delivery systems include possible 

toxicity of the materials used, dose dumping, requirement of surgical 

procedures to implant or remove the system and high manufacturing costs.  

In the pharmaceutical industry, design and development of 

controlled/sustained release delivery systems have been used as a strategic 

means to prolong the proprietary status of drug products that are reaching the 

end of their patent life. A typical example is modifying an existing drug 

product that requires several doses a day to a single daily dosing to maintain 

the dominance over generic competition. For some drugs, controlled delivery 

is necessary, since immediate release dosage forms cannot achieve the desired 

pharmacological action. These include highly water soluble drugs, that need 

slower release and long duration of action, highly lipophilic drugs that require 

enhancement of solubility to achieve therapeutic level, short half-life drugs 

that require repeated administration and drugs with nonspecific action that 

require the delivery to target sites. 

Most of the controlled-release delivery devices utilize fundamental 

principles of diffusion, dissolution, ion exchange and osmosis. Optimal design 
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of a drug delivery system requires a detailed understanding of release 

mechanisms, properties of drugs and carrier materials, barrier characteristics, 

pharmacological effect of drugs and pharmacokinetics. With development in 

the field of biotechnology, there is an increase in the number of proteins and 

other macromolecular drugs. These drugs introduce new challenges and 

opportunities for the design of drug delivery systems [103, 112]. 

 

1.6.3. Requirements of drug delivery systems 

An ideal drug-delivery system should meet the following essential 

requirements in order to ensure an efficient therapy [102], 

 The drug delivery system should offer structural control over the size 

and shape of drug and a high loading capacity such that a high amount 

of drug can be stored in the carrier system.  

 An ideal drug delivery system should biocompatible and nontoxic. 

 Lack of immunogenicity and appropriate cellular adhesion, endocytosis, 

and intracellular trafficking to allow therapeutic delivery or imaging in 

the cytoplasm or nucleus. 

 Acceptable bio-elimination or biodegradation. 

 Molecular level isolation and protection of the drug against inactivation 

during transit too target cells. 

 Minimal nonspecific cellular and blood-protein binding properties 

 Ease of consistent, reproducible and clinical grade synthesis. 

 Finally, further provide means to fine-tune the drug dynamics in the 

carrier in order to generate a depot effect.  

To achieve these requirements a variety of different drug-delivery 

strategies have been developed so far.  For example nano-carriers consist of 
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synthetic organic polymers [113], micelles and liquid crystals [114], 

liposomes [115], polymeric nanocapsules [116] and diverse nanoparticle 

constructs like chitosins, gold, iron oxide etc. [117-119]. A drug-delivery 

system that completely satisfies all above criteria is not available yet. For 

example, liposomal carrier systems do not offer a depot effect. Upon liposome 

opening the drug gets released instantaneously. Furthermore, cell-targeting 

remains a great challenge for many classes of drug-delivery systems. 

Consequently, the search for smart drug-delivery strategies must go on and 

therapeutic alternatives are desperately needed in many fields of medicine, 

since the patients still suffer from severe side-effects.  

In general words, the driving forces for the development of the 

optimized or CRSs would likely be the clinical need and minimizing 

variability along with other factors. Clinical need is a key and enabled by new 

technologies. Curiosity-driven research will provide the seeds of novel ideas, 

materials and approaches as illustrated in Figure 12A, a list other ambitions 

for controlled drug delivery with advanced systems targeting to specific 

bodies, minimizing variation, overcoming barriers or responding to the need 

for more personalized medicine/dose forms as shown in Figure 12B [105]. 
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Figure 12. The driving forces for the development of the optimized or CRSs. 

(A) and listing of other ambitions for controlled drug delivery with advanced 

systems targeting to specific bodies, minimizing variation, overcoming 

barriers or responding to the need for more personalized medicine/dose forms 

(B). 

 

1.6.4. Mesoporous silica as a novel option in drug delivery 

The new property of mesoporous MCM-41 materials in the drug release 

system was recently reported in 2001 [119]. Since then, many researchers 

have concentrated on this new field of mesoporous materials. To understand 

the release behaviors of drugs from this type of silica, several kinds of 

mesoporous silica with different surface properties and pore texture have been 

studied [120-136]. The sorption capacity of ibuprofen (IBU) on SBA-15 and 

the subsequent release behaviour were highly dependent on the amount of 

amino groups inserted onto SBA-15 surface [120]. Besides the organic 

functionalization on the mesopores surface, the pore structure of mesoporous 
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materials also had an obvious influence on the drug release rate that decreased 

by reducing pore size [122,123]. Even if the difference of pore size between 

two mesoporous silica materials was as small as 0.20 nm, the discrepancy of 

release rate was obvious.  

Mesoporous silicas have emerged as a promising drug vehicle, 

primarily due to their unique mesopore structure that while preserving a level 

of chemical stability, surface functionality and biocompatibility ensures the 

controlled release of a variety of drug molecules [122-125]. Some of the 

important features of mesoporous silica materials are: 

 The mesoporous form of silica has unique attributes, particularly in 

loading of therapeutic agents at high quantities and in the subsequent 

releases [126,127]. The mesopores structure such as pore size and 

porosity can be tuned to the size and type of drugs [126].  

 Compared to other metal oxides such as titania and iron oxide, silica is 

considered to have better biocompatibility [128] and can be safely taken 

up by living cells through endocytosis [129,130]. The abundant 

presence of silanol groups on silica can have an affinity to 

phospholipids, which can be actively taken up by the cells [131]. 

 Additionally, its active surface property allows developing mesoporous 

silica with various surface properties through surface functionalization 

with different molecules, which consequently allows targeted delivery 

of different types of therapeutic agents. Due to its strong Si–O bond 

[131], silica nanoparticles are more stable to external stimuli such as 

mechanical stress and degradation compared to liposomes and 

dendrimers, eliminating the need for any additional stabilization such as 

covalent linkers used in other delivery systems [126,132]. 
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 Another distinctive advantage of mesoporous silica is that they have 

well-defined surface properties that allow easy functionalization of the 

silanol-containing surface to control drug loading and release 

[128,131,133,134]. The surface functionalization is generally needed to 

load proper type of drug molecules such as hydrophobic/hydrophilic or 

positive/negative charged. Specific actions can also be endowed by the 

functionalization through chemical links with other materials such as 

stimuli-responsive, luminescent or capping materials, leading to smart 

and multifunctional properties [126,131,135]. 

 

1.6.5. Limitations or disadvatanges of mesoporous silica 

Mesoporous silicas exhibit sustained/controlled properties, but thier 

drug storage capicity are relativey low. The busrt effect or rapid release is very 

difficult to control to control from these silicas, that result in a fast release of 

the drug adsorbed at the outer surface occurs of these materials, specially 

when the drug is highly hydrophobic.  

Mesoporou silica family offers a wide range of possibilities to host and 

delivery therputic agents in a controlled way, however, the small pore 

diameter of these mesoporous silicas families such as MCM-41 normally 

ranging in size in size between 2 to 6 nm depending on the synthsis condition 

leads to several limitation as drug reseviors. The pore size of these silica are 

slightly larger than the maximum dimention of the protien is inadquete, 

minimizing the utility of MCM-41 for size selective seperations. 

The possible cytoxicity and binding interactions envolved with the 

immobilization of various functional groups onto mesoporous silica also need 

extensive study.  
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1.6.6. Mesoporous silica as a sorbent for dyes 

The industrialization process is one of the major factors that continually 

cause damage to the ecosystem. Wastewater discharge without any treatment 

introduces a set of constituents, mainly those associated with toxic materials 

such as some organic chemicals, pesticides, dyes and heavy metals into 

aqueous systems. These components induce significant disturbances to the 

environment that can potentially affect aquatic life [140]. Many waste aqueous 

dyes discharged to the environment produce very serious pollution problems 

and effects, due to their resistance to degradation under normal conditions 

[141].  

Various kinds of synthetic dyestuffs found in effluents, originating from 

different industries such those that related to textile, leather and paper 

production, contain colored toxic components [142-143] and, therefore, should 

be removed from any ecosystem. In addition, the majority of these dyes 

contain active azo groups or aromatic rings, which may be mutagenic and 

carcinogenic agents [144,145]. 

Normally, reactive dyes are highly water soluble, with solubility 

varying from 10 to 20 % and remain in the wastewater in most manipulation 

processes [146]. Nearly 50 % of these dyes may be lost to the effluents during 

cellulose fiber dyeing treatments [147]. Taking into account these undesirable 

effluents in the ecosystem, various conventional handling technologies, such 

as the tricking filter, activated sludge, chemical coagulation, carbon and 

zeolite sorption [148-151], photo-degradation processes [152], 

ozonation/fungal treatment [144] and also biodegradation [153] have been 

extensively investigated. Among these known methodologies, sorption is in 

fact the most effective and economical method for the removal of pollutants 
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from wastewaters. A relevant aspect to be considered is related to the fact that 

this process can handle fairly large flow rates, producing high amounts of 

cleaner effluents and usually does not result in the formation of harmful 

substances, such as ozone or free radicals, during photo-degradation through 

ultraviolet light [154-156].  

Mesoporous silica has been regarded as an effective sorbent with the 

advantages associated with high surface area, large diameter and volume, 

functionalized pore channels and narrow pore size distribution. The presence 

of inherent silanol groups and the incorporation of amine groups chemically 

bonded to the polymeric inorganic structure can favor dye interactions. The 

synthesis of ordered mesoporous silica and the associated structural features 

provides favorable conditions to yield compounds for a variety of useful 

applications [157-160].  

 

1.7. Aim of this thesis  

 The aim of this research work is to synthesize mesoporous silica SBA-

15. 

 To synthesize bridged polysilsesquioxane organic monomers containing 

basic centers with accessible hydroxyl groups and bonded nitrogen or 

organic groups. 

 To combine the remarkable properties of both synthesized materials to 

obtain new silica hybrid materials having parental enhanced properties 

  To apply the obtained silica hybrids for controlled ibuprofen delivery 

and for dyes removal.  
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1.8. Synthesis mechanism  

Schiff base, Michael addition and the reaction mechanism of amines 

with halides were adopted in this research work to obtain bridged 

polysilsesquioxane silica hybrids. 

Schiff base reaction, involves the reaction between aldehydes and 

amines, the products being designated as Schiff bases, which process has been 

reported since 1864. The common structural feature of these compounds is the 

azomethine group with a general formula RHC=N-R1, where R and R1 are 

alkyl, aryl, cyclo alkyl or heterocyclic groups which may be variously 

substituted. These compounds are also known as anils, imines or azomethines.  

The presence of a lone pair of electrons in sp2 hybridized orbital of 

nitrogen atom of the azomethine group is of considerable chemical and 

biological importance. Because of the relative easiness of preparation, 

synthetic flexibility, and the special property of C=N group, Schiff bases are 

generally excellent chelating agents [161], especially when a functional group 

like –OH or –SH is present close to the azomethine group so as to form a five 

or six membered ring with the metal ion. The schematic mechanism of the 

formation of a Schiff base is shown in Figure 13. 
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activating group, which stabilizes the anionic intermediate. Michael addition 

acceptors are far more numerous and varied than donors, due to the plethora of 

electron withdrawing activating groups that enable the Michael addition to 

olefins and alkynes. Acrylate esters, acrylonitrile, acrylamides, maleimides, 

alkyl methacrylates, cyanoacrylates and vinyl sulfones serve as Michael 

acceptors and are commercially available. Less common, but equally 

important, vinyl ketones, nitro ethylenes, α,β-unsaturated aldehydes, vinyl 

phosphonates, acrylonitrile, vinyl pyridines, azo compounds and even β-keto 

acetylenes and acetylene esters also serve as Michael acceptors [162]. The 

general schematic mechanism for the Michael addition reaction is shown in 

Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Mechanism of Michael addition reaction: Resonance Structures of 

Michael acceptor with α, β-unsaturated ester (a) and nucleophilic attack of 

amine in a Michael acceptor α, β-unsaturated ester (b). 
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1.9. Ibuprofen 

In this work, ibuprofen (IBU) was selected as a model drug [122, 

124,138] to conduct the controlled release experiments. IBU is the most 

commonly used and most frequently prescribed nonsteroidal anti-

inflammatory drug (NSAID). IBU is a non-selective inhibitor of 

cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). Although its anti 

inflammatory properties may be weaker than those of some other NSAIDs, it 

has a prominent analgesic and antipyretic role. Its effects are due to the 

inhibitory actions on cyclooxygenases, which are involved in the synthesis of 

prostaglandins, which hold an important role in the production of pain, 

inflammation and fever [163].  

Ibuprofen is supplied as tablets with dosage of 200 to 800 mg. The 

usual dose is 400 to 800 mg three times a day. It is almost insoluble in water 

having a pKa of 5.3 [164]. It is well absorbed orally and peak serum 

concentrations are reached in 1 to 2 h after oral administration. It is rapidly 

bio-transformed with a serum half life of 1.8 to 2 h. The drug is completely 

eliminated in 24 h after the last dose and eliminated through metabolism. 

The drug is more than 99% protein bound, extensively metabolized in 

the liver and little is excreted unchanged. Although highly bound to plasma 

proteins (90-99 %), displacement interactions are not clinically significant; 

hence the dose of oral anti-coagulants and oral hypoglycemic needs not be 

altered. More than 90 % of an ingested dose is excreted in the urine as 

metabolites or their conjugates, the major metabolites are hydroxylated and 

carboxylated compounds. The major adverse reactions include the effects on 

the gastrointestinal tract (GIT), the kidney and the coagulation system [164].  
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Considering the ibuprofen molecule of low energy configuration with 

the estimated size from 1.0 x 0.6 nm [165] that it could fit inside the 

mesoporous silica, as shown in Figure 15. The drug-silica interactive process 

inside the mesopore is strongly dependent on the presence of the ibuprofen 

carboxylate group through hydrogen bond with: i) the free silanol group on the 

pore wall surface of SBA-15 and ii) the functional groups attached to modified 

silica surfaces [119,166].  

 

 

 

Figure 15. Three dimensional ibuprofen molecule with corresponding 

interatomic distance. 

 

Thus, in this research work the ibuprofen loading capacity was 

estimated for the synthesized mesoporous silicas. The in-vitro release profiles 

of this drug were studied in three different release fluids and the drug release 

data were fitted to kinetic models in order to investigate the release 

mechanism. 
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1.10. Dyes 

This investigation also reports the sorption processes of  i) anionic 

reactive dye, Reactive Blue-15 (RB-15) (structure of which is shown in Figure 

16A), onto mesoporous silica chemically modified with bridged 

polysilsesquioxanes containing organic groups or as imine bridges attached to 

covalently bonded chains and ii) cationic dye Brilliant Green (BG) as shown 

in Figure 16B, onto unmodified mesoporous silica SBA-15. 

The batch sorption process was examined in order to explore the 

relationship between the efficiency and consequent features, related to dyes 

structures that can potentially affect the sorption process. The data were 

adjusted to Langmuir, Freundlich and Sips models. Kinetic models were used 

to obtain the kinetic data, that can elucidate the rate of sorption of the chosen 

dye on these well-structured mesoporous silicas.  
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Figure 16. Structures of Reactive blue 15 (A) and Brilliant green (B) dyes. 
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2. Experimental 

2.1. Reagents 

All reagents and solvents were of analytical grade, 

tetraethylorthosilicate (TEOS), co-block polymer Pluronic P123, 3-

chloropropyltriethoxysilane (CPTES), triethylenetetramine (TETA), 

tetraethylenepentamine (TEPA), aqueous glutaraldehyde (25%) (GA), 

glycidyl methacrylate (GMA), pyromellitic dianhydride (PMDA), 3-

aminopropyltriethoxysilane (APTES), 3-glycidoxypropyltrimethoxysilane 

(GPTMS), 3-trimethoxysilyle (propyl methacrylate) (TMPMS) and 

triethylamine were Aldrich products. Ethanol, xylene, hydrochloric acid 

(Synth) and deionized water were used throughout the experiments. Ibuprofen 

(IBU) was donated by Galena Pharma Campinas. Ibuprofen sodium salt 

(98%), Reactive blue-15  (35%) and brilliant green (90%) were sigma Aldrich. 

Sodium chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride 

(KCl) Potassium phosphate dibasic trihydrate (K2HPO4.3H2O), magnesium 

chloride hexahydrate (MgCl2·6H2O), calcium chloride (CaCl2), sodium 

sulphate (Na2SO4), and tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3 

were all sigma Aldrich products.    

 

 2.2. Synthesis of inorganic-organic hybrid mesoporous silica 

Ordered inorganic-organic mesoporous silica materials were 

synthesized by immobilizing bridged polysilsesquioxane monomers bearing 

amines, glutaraldehyde, glycidyl methacrylate, pyromellitic dianhydride and 

alkoxysilanes bearing chloropropyl, aminopropyl, glycidoxypropyl, and 

propyl methacrylate groups which can form surfaces species. These species 
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were immobilized on the surface of mesoporous silica SBA-15 using the post 

functionalization method, in order to obtain periodic mesoporous silica. The 

following three steps are involved in the synthesis of such materials: 

i) Synthesis of mesoporous silica SBA-15 

ii) Synthesis of bridged polysilsesquioxane  monomers and 

iii) Immobilization of the synthesized bridged polysilsesquioxanes 

monomers on silica SBA-15. 

 

2.2.1. Synthesis of mesoporous silica SBA-15  

The mesoporous silica SBA-15 was synthesized as previously reported 

[36]. To obtain 1 g of silica SBA-15, 2.0 g of surfactant polymer Pluronic P123 

were dissolved in 12.0 cm3 of deionized water in a beaker at 313 K, followed 

by the addition of 60.0 cm3 of 2.0 mol dm-3 hydrochloric acid and the 

suspension was kept under magnetic stirring for 4 h. After this process, 4.0 g 

of TEOS was added and the mixture was again stirred for further 4 h. The 

resulting suspension was kept in an autoclave for hydrothermal treatment 

under static conditions in a polypropylene bottle for 24 h at 373 K and then 

filtered, washed with deionized water and dried at room temperature. To 

remove the surfactant the synthesized material was calcinated in oven at 873 

K for 6 h. 

 

2.2.2.Synthesis of bridged polysilsesquioxane monomers 

Two new bridged polysilsesquioxane molecules were synthesized by 

reacting silylating agent, 3-chloropropyltriethoxysilane with 

triethylenetetramine, and with tetraethylenepentamine. In two separate 

experiments, 18 mmol (2.7 cm3) of each TETA and 18 mmol or 3.4 cm3 of 
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TEPA were reacted with 36.0 mmol (5.4 cm3) of CPTES in 50.0 cm3 of 

ethanol in 1:2 ratios using 1 cm3 basic catalyst, triethylamine. These mixtures 

were stirred for 72 h at 323 K under anhydrous nitrogen atmosphere, and the 

obtained products were designated as A1 and A2, respectively. The overall 

reactions are shown in Figure 17. 

 

 

 

 

Figure 17. Schematic representation of the synthesis of amines bridged 

polysilsesquioxanes monomers (A) A1 and (B) for A2. 
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synthesis. The resultant monomer was designated as A3. The schematic 

representation of this synthesis is shown in Figure 18. 

 

 

Figure 18. Schematic representation of the synthesis of amine bridged 

monomer A3. 

 

2.2.3. Synthesis of new silylating agents through the Schiff base 
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of APTES were reacted with 18.0 mmol (1.7 cm3) of GA in 50.0 cm3 of 

ethanol in the presence of 1.0 cm3 triethylamine, as shown in Figure 19. The 

mixture was stirred for 72 h at 323 K under anhydrous nitrogen atmosphere 

and the obtained orange color product was designated as A4.  
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Figure 19. Schematic representation of the synthesis of glutaraldehyde bridged 

monomer A4. 

 

2.2.4. Synthesis through Micheal addition reaction 

Using Micheal addition, 3-aminopropyltriethoxysilane was reacted with 

glycidyl methacrylate to obtain new bridged monmer. In this procedure, 36.0 

mmol or 8.4 cm3 of the silylating agent were reacted with 18.0 mmol (4.8 cm3) 

of bridging molecule GMA, in 50.0 cm3 of ethanol in a round bottom flask. 

The obtained product was designated as A5 as shown in the Figure 20. 

 

 

Figure 20. Schematic representation of the synthesis of bridged monomer A5. 
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To obtain another bridged molecule with aromatic ring A6, the amine 

containing silylating reagent was reacted with pyromellitic dianhydride. In this 

synthesis 36.0 mmol (8.4 cm3) of 3-aminopropytriethoxysilane was reacted 

with 5.0 g of PMDA, dissolved in 250 cm3 of xylene, in the presence of 1.0 

cm3 of triethylamine. The mixture was stirred for 5 days at 413 K, under 

anhydrous nitrogen atmosphere to obtain product A6, as shown in the Figure 

21. 

 
Figure 21. Schematic representation of the synthesis of aromatic bridged 

monomer A6. 
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triethylamine. These mixtures were stirred for 72 h at 323 K under anhydrous 

nitrogen atmosphere as shown in Figures 22 and 23. 

 

 
Figure 22. Schematic representation of the synthesis of amine bridged 

monomer A7. 

 

 

Figure 23. Schematic representation of the synthesis of bridged monomer A8. 
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experiments 1.0 g of SBA-15 was activated at 373 K under vacuum for 5 h 

and the dried silica were suspended in 50.0 cm3 of xylene in three necked 

round bottomed flasks. Afterwards, in separate sets of experiments the 

synthesized silylating agents were added and the mixtures were stirred 

mechanically for 48 h under reflux in nitrogen atmosphere.  

The resultant hybrid materials were washed with two portions of 20.0 

cm3 ethanol and with 500 cm3 distilled water in the final stage to remove the 

solvents. The obtained inorganic-organic hybrid periodic silica materials were 

dried under vacuum at 333 K. The hybrid mesoporous silica materials 

obtained with bridged polysislsesquioxane monomers, A1, A2, A3, A4, A5, 

A6, A7 and A8 were designated as SBA-A1, SBA-A2, SBA-A3, SBA-A4, 

SBA-A5, SBA-A6, SBA-A7 and SBA-A8, respectively. Schematic 

representation of such modifications is shown in Figure 24. 

 

 

Figure 24. Schematic representation of the modification of silica SBA-15 with 

the synthesized bridged structures Rx (x=A1 to A8). 

 

2.4. Drug loading  

To load ibuprofen into the mesoporous silica, 50.0 cm3 of 10.0 g dm-3 

solution of IBU prepared in hexane was added to each 0.50 g of calcinated 

SBA-15 and also to the chemically modified silicas. After soaking for 3 days 

under stirring in 100 cm3 glass flasks, tightly closed with stoppers in order to 

avoid evaporation of solvent. The drug-loaded mesoporous silica particles 
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were then removed from the hexane solution by filtering and the obtained 

silicas were dried at 333 K to remove the solvents. To measure the loading 

amount of IBU, 3.0 cm3of filtrate was diluted to 50.0 cm3 and were analysed 

using UV/Vis spectroscopy at 265 nm and running standard drug solutions. 

The amount of IBU loaded to mesoporous beads was calculated with Equation 

6 [119,166]. 

                (         )     (6) 

where m1 and m2 correspond to the initial mass of IBU and mesoporous 

materials added into hexane solution. C is the concentration of each filtrate 

diluted in 50.0 cm3 volumetric flasks, v is sampled volume from filtrates 

and V is the volume of hexane in for IBU loading.  

The drug release profiles from the loaded samples were studied in 

stimulated intestinal (SIF/ Phosphate Buffer), body (SBF) and gastric (SGF/ 

0.1 M HCl) fluids at pH 6.8, 7.2 and 1.2, respectively. The stimulated body 

fluid was prepared by dissolving the following chemical reagents in 1.0 dm3 of 

deionized water: NaCl (7.996 g), NaHCO3 (0.350 g), KCl (0.224 g), 

K2HPO4·3H2O (0.228 g), MgCl2·6H2O (0.305 g), 1 N HCl (40 cm3), CaCl2 

(0.278 g), Na2SO4 (0.071 g), Tris (hydroxymethyl) aminomethane 

(NH2C(CH2OH)3 (6.057 g)) [166].   

The drug static release was performed by soaking the drug-loaded 

mesoporous beads, in the form of pressed sample disk, in 3.0 cm3of release 

fluid. This fluid was sampled from the system at a predetermined time interval 

of 0.5; 1.0; 3.5; 7.0; 8.5; 21.0; 24.0 and 72.5 h. To recompose the volume 

removed another identical fresh volume fluid was added immediately into the 

same flask. In every case, the drug concentration in the sampled release fluid 
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was measured on UV/Vis at 265 nm using standard drug solutions. Since 

some amount of IBU was sampled from the release fluid, this drug part does 

not reflect on the later sampling point. Therefore, a corrected method [166] 

was used to calculate the actual amount of IBU released from drug-loaded 

mesoporous beads, using the Equation 7 [119, 166].                ∑         (7) 

where Ct-corr is the actual concentration of IBU released at time t, Ct is the 

concentration measured on UV/Vis spectrometer of release fluid sampled at 

time t, v is the sampled volume taken at a predetermined time interval, and V 

is the total volume of release fluid. The drug-loaded materials were pressed at 

pressure 5.0 MPa into50.0 mg of disks to be used in the release experiments. 

 

2.5. Dyes removal 

To investigate dyes removal capacity of the synthesized hybrid silica 

materials and the sorption phenomena, the dye structure, associated functional 

groups, solubility and the dissociation of the dyes in water to yield positive or 

negative ions were considered. For this purpose anionic dye reactive blue-15 

and cationic dye brilliant green dye were chosen. The success of sorption also 

depends on the experimental conditions like the pH of the solution, the 

Sorbent characteristics, contact time and dye concentration, which were taken 

into account.  

In general, for each sorption experiment a series of 50 cm3 of plastic 

flasks containing 10.0 cm3 of the RB-15 dye solutions, varying in 

concentration from 1.0×10-5 to 1.0×10-4 mol dm-3 was assayed by individual 

additions of about 10.0 mg of each silica materials. Standards in the range 
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from 5×10-7 to 2×10-5 mol dm-3 were run before these experiments. To check 

the dependence of the sorption as a function of concentration the suspensions 

were stirred continuously at 298 ± 1 K for 24 h.  

To investigate the effect of dye concentration on the sorption process of 

BG on pure calcinated silica, standards were run in the range from 1×10-5 to 

5×10-4 mol dm-3. Each 20.0 cm3 of different concentrations ranging from 

1.0×10-5 to 5.0×10-4 mol dm-3 were added to each 0.5 mg of unmodified silica 

SBA-15 in different plastic flasks of 50 cm3.   

After equilibrium aliquots of the supernatant were removed and the 

dyes concentration was determined spectrophotometrically at 675 nm for RB-

15 and at 628 nm for BG dye. The sorbed dye quantities were calculated using 

Equation 8. 

   (      )    (8) 

where Nf  is the amount of dye per gram of each silica at equilibrium in mmol 

g-1, Ci and Ceq, the initial and equilibrium concentrations in mmol dm-3, V the 

volume of the solution in dm3 and m is mass in gram of each silica sorbent 

used. The time variable for sorption process was studied through a batchwise 

procedure, considering a series of about 10.0 mg of each mesoporous silicas 

suspended in 10.0 cm3 of dye solution using an optimum concentration (9x10-5 

mol dm-3) each dye at 298 ± 1 K. At regular time intervals aliquots of the 

supernatant of dyes solutions were spectrophotometrically analyzed to 

determine the sorbed amounts as a function of time.  

The dye uptake by synthesized silica materials at different pH values 

was investigated using about 10.0 mg of each sorbent with the same 
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conditions of volume, concentration and temperature. For maximum dye 

sorption the best equilibrium conditions were taken in account.  
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3. Characterizations 

3.1. Elemental analysis 

Elemental analysis is an important technique which can be used to 

obtain information about the content of organic matter of hybrid materials. 

Using this technique, it is possible to quantify the percentage content of 

carbon, hydrogen and nitrogen, which are capable of undergoing combustion. 

The amount of the organic chains attached to the inorganic framework 

of hybrid mesoporous silicas were determined based on the combustion 

method in the presence of an excess of oxygen which results in a complete 

decomposition of samples producing CO2, H2O and NOx. These products 

further pass to a gas analyzer zone, in which the gases are captured, mixed and 

homogenized. After this, the mixing chamber is depressurized through a 

column in the separation zone of the instrument. Once the gases are separated, 

they are analysed by a thermal conductivity detector, present in the detection 

zone of the Analyze.  

Quantitative elemental analyses were performed on a Perkin-Elmer PE-

2400 instrument to determine the amount of the organic moiety covalently 

attached to the inorganic silica structure. 

 

3.2. Infrared spectroscopy 

This is an important technique for the qualitative assessment of the 

hybrid materials. The absorption of these radiations occurs when the molecule 

undergoes a change resulting in its dipole moment as a consequence of 

vibrational and rotational movements. If the frequency of the radiation is 

exactly equal to the natural frequency of a molecule, energy transfer occurs 
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resulting in an abrupt increase in the amplitude of the molecular vibration, 

whereby the radiation in the infrared is absorbed. The relative positions of 

atoms in a molecule are not fixed, which carries a drive with various types of 

vibrations and rotations in the molecule, giving stretching and deformations of 

the molecules.  

Almost all molecules absorb radiation in this spectral region, with the 

exception of diatomic molecules and homopolar monoatomic, each type of 

molecule only absorbs infrared light at certain values of frequency. This 

property provides a unique characteristic for each molecule, allowing the 

existence of a way of identifying the type of molecule (qualitative analysis) 

and the amount of this molecule in the sample (quantitative analysis). 

Important to be noted that this spectroscopy is used to identify the functional 

groups present in the compounds. The biggest advantage of IR spectroscopy is 

its high sensitivity and relatively easy access that provides the desired 

information about the absorption spectrum in that region of the 

electromagnetic spectrum [167]. 

Fourier transform infrared spectra were obtained by accumulating scans 

on a Bomem MB-series spectrophotometer with KBr pellets pressed with a 

pressure of 5ton cm-2, in the 4000 to 400 cm-1 range, with  an accumulation of 

32 scans and 4 cm-1of resolution. 

 

3.3. Solid state nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a quick, reliable 

and most important physical method for the determination of molecular 

structures. The power of this technique lies not only defining the numbers and 
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types of the nuclei, but also describes their individual chemical environment 

and, more importantly, the way they are interconnected.  

The concept of the NMR is based on the fact that the nuclei exhibit 

magnetic properties that can provide chemical information. Subatomic 

particles protons, neutrons and electrons have spin which, when paired cancel 

the effect and result in a zero spin, for example in cases of 12C, 16O and 32S 

atoms. However, in many other atoms as 1H, 13C, 29Si, 31P, 15N, 19F etc., the 

nucleus has a spin's result. To determine the spin of a given nucleus can 

follow the rules: If the number of protons and neutrons provide both even 

numbers, the nucleus has spin whose value is fractional, such as 1/2 3/2, 5/2 

etc. The amount of neutrons and the number of protons corresponding to odd 

numbers, the nucleus has spin integer giving the values 1, 2, 3 etc. Once a 

nucleus is a charged particle in motion, this will generate a magnetic field and 

acts as a tiny magnet. The principle associated with NMR is based on the fact 

that the nuclei of some isotopes present an angular momentum spin (I). When 

I ≠ 0 nuclei are subjected to a strong magnetic field the nuclear magnetic 

dipole orientations assumes a set of quantized dependent on the amount of 

spin core. Then, transitions between states of spin are induced by rapid pulses 

of radio frequency. When the system relaxes, it returns to the ground state, 

generating signal decay, FID - free induction decay [168]. A spectrum is 

obtained by applying the Fourier transform of this signal, obtaining a graph of 

intensity as a function of frequency, which provides information regarding the 

chemical shift, can be expressed in units in parts per million (ppm). 

Nuclear magnetic resonance spectra of the solid samples were obtained 

on a Bruker Avance 300 MHz spectrometer, at room temperature. For each 

run approximately one gram of solid sample was compacted in 4 mm 

zirconium oxide rotors and the measurements were obtained at frequencies of 
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59.63 and 75.47 MHz with a spinning magic angle of 10 MHz, for silicon and 

carbon nuclei, respectively. 29Si and 13C CP/MAS spectra were obtained with 

pulse repetitions of 3 s for both nuclei and contact times of 4 ms. 

 

3.4. X-ray diffraction 

The X-ray diffraction (XRD) technique is quite useful for ordered 

mesoporous materials. The information obtained include the types and nature 

of the crystalline phases, the structural constitution of the phases, degree of 

crystallinity, indicating on the content of the crystalline material, in addition to 

the basal spacing between adjacent layers. The XRD and small-angle X-ray 

Scattering (SAXs) methods are based on the measurements of X-ray 

intensities scattered to the atoms in the material. The arrangement of the atoms 

and the population of the electrons are determined by analysis of angular 

dependence of scattered X-ray for both methods.  

Small-angle X-ray scattering is primarily used to investigate the long-

range periodicity or order in materials. The length scales probed by SAXS is 

1-100 nm corresponding to an angular range of 0 0 to 0.5 0. The inverse 

relation between scattering angle and particle size is utilized to gain 

information about the structure of solids. When a sample is irradiated with a 

beam of parallel monochromatic X-rays, the atomic lattice of the sample acts 

as a diffraction grating, which is responsible for the diffraction of the rays 

according to specific angles. When quanta of radiation impinge on the crystal 

surface by an angle θ, a portion of the particles is spread over a surface atomic 

layer. The scattered quanta cannot penetrate to the second layer of atoms in 

which a fraction is scattered again, and the content that becomes a third layer 

until energy is completely dissipated. 
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 The effects of scattering of X-rays are measured by a detector which 

measures the reflected rays of the crystal only if the incident angle satisfies the 

condition expressed by the Bragg's equation (Equation 9). When the angle 

does not satisfy this equation, destructive interference occurs so that there pass 

the radiation reflected from the crystal, which could be detected.               (9) 

where n is an integer, λ is the wavelength of the incident wave, d is the 

spacing between the planes in the atomic lattice, and θ is the angle between 

the incident ray and the scattering plane. 

Based on the experiments, the XRD patterns show peaks at various 

angles of incidence. From the values of these angles, the spacing d can be 

calculated using the Bragg equation in order to determine the lattice spacing of 

the crystals. 

The diffraction pattern, which includes position (angle) and the 

intensities of the diffracted beams give various kinds of information about the 

sample. The angles are used to calculate the atomic interplanar spacing (d-

spacing). In each diffraction crystalline material gives a characteristic 

diffraction pattern, which can act as a fingerprint of the material. Position 

information (d) and intensity (I) are used to identify the type of material to 

compare these patterns with approximately 80000 data from database file 

JCPDS-ICDD (Joint Committee on Powder Diffraction Standards- 

International Center for Diffraction Data). By means of this method can be 

performed to identify any crystalline compounds, even in a complex sample. 

The position (d) of diffracted peaks also provides information about the atoms, 

arranged in a crystalline compound, allowing knowing the size of the unit cell 

and the lattice parameters. The position (d) and intensity (I) of one phase can 

http://en.wikipedia.org/wiki/Wavelength
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also be used to quantitatively estimate the amount of a particular phase in a 

mixture of several components [169]. 

Small angle X-ray analyses were performed using synchrotron light on 

the D11A-SAXS line with a wavelength of 0.1488 nm. These measurements 

were performed in the electronic beams line D11A-SAXS, at the National 

Laboratory of Synchrotron Light (LNLS - Campinas, Brazil). 

 

3.5. Nitrogen sorption   

Sorption of gases on a solid surface is a direct consequence of surface 

area. Valuable information regarding specific surface area, pore volume and 

pore size distribution, as well as to study the surface properties can be 

obtained from the sorption isotherm of a gas-solid system. In practice the 

range of suitable sorptive is quiet narrow and nitrogen at its boiling point, 77 

K, is by far the most common sorptive used to obtain information of specific 

surface area and porosity. It is a non-destructive method to analyze the 

mesoporous and microporous materials. The ordered materials are associated 

with well-defined ordered pore geometry and narrow pore size, while the 

disordered materials exhibit pores with a broad distribution of different shapes 

and widths. 

Typically in the sorption isotherms of mesoporous, the desorption does 

not coincide with the sorption remaining above the sorption curve over the 

range of relative pressure, yielding a pattern of type IV isotherm and H1 

hysteresis as shown in Figure 25. The hysteresis arises in a range of multilayer 

physiosorption isotherms and is usually associated with the capillary 

condensation in mesoporous structures [169].  
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According to the IUPAC, most of the sorption isotherms/desorption can 

be grouped into six types [11,12] as indicated in Figure 25. The shape of the 

isotherm of pores depends on the texture of the solids. The isotherms of types: 

I, II and IV are characteristics of materials: micro, macro and mesoporous, 

respectively.  The point B indicated in Figure 25, represents the stage where 

the coating process is complete monolayer, while a multilayer sorption is 

beginning. Thus the main characteristics of these types are: 

a) Type I is a reversible isotherm are associated with microporous solids 

which have relatively small external surfaces.  

b) Type II is reversible isotherm applied to non-porous sorbent or 

macroporous sorption.  

c) Type III is reversible but not common, showing gradual curvature and 

a point B indistinct. This type of isotherm originates from solid non-

porous and macroporous. 

d) Type IV occurs at mesoporous multilayer followed by capillary 

condensation. The sorption process is similar to that in macroporous 

solids. Larger values of the quantity sorbed pressure rise too rapidly 

due to the capillary condensation in the mesopore. 

e) The isotherm of type V is related to the type III, wherein the sorbate-

sorbent interactions are weak, and 

f) Type VI represents sorptivos multilayer processes in steps along a 

uniform non-porous surface. 
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Figure 25. Different type of sorption/desorption isotherms with hysteresis 

loops. 

 

The Brunauer, Emmett and Teller (BET) method is widely used for 

calculating the surface area of mesoporous silica by physical adsorption of gas 

molecules. During analysis the nitrogen molecules model is an extension of 

the Langmuir model, the latter being considered a theory that the sorption of a 

molecular monolayer, and extended to the multilayer adsorption, based on the 

following assumptions: 

a) Gas molecules are physically sorbed on a solid in infinite layers  

b) There is no interaction between each sorptive layer 

c) Langmuir theory can be applied to each layer.  

The resulting BET equation is expressed by Equation 10. 

                                 (10) 
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where  p and p0 represent the equilibrium and saturation pressure of sorbate, 

for certain values of temperature, V represents the volume of the gas sorbed 

when the pressure has value equal to p, Vm is volume of gas required for 

monolayer formation, C is a BET constant related to the energy of the first 

adsorption layer. 

 

A sorption isotherm can be represented as a straight line when 

p/[Va(p/p0)] is plotted verses p/p0 whose values are determined experimentally 

and graphic called BET. The linear relationship of this equation is maintained 

only for the range: 0.05 < p/p0 < 0.35. The value of the slope and intercept of 

the line is used to calculate the amount of gas adsorbed on the monolayer (Vm) 

and the BET constant (C). Thus, the BET surface area model can be assessed 

using the following Equation 11. 

                    (11) 

where N is Avogadro's number (6.022 x 1023 mol-1), a corresponds to the 

cross-sectional area of the gas molecules that is 0.162 nm2 for nitrogen, m is 

the mass of the sample used for the sample holder and 22400 corresponds to 

the ideal volume of one mole of a gas values for temperature and standard 

pressure (TPP) in cm3. 

Adsorption of gas on solid surfaces at different stages are shown in 

Figure 26, at stage 1: isolated sites of the sample surface begin to adsorb gas 

molecules at low pressure, stage 2: monolayer  formation, stage 3: increase in 

pressure cause to begin multi-layer formations and small pore of the sample 

will first. The Brunauer, Emmett and Teller method (BET) is used to calculate 

the surface area, while at stage 4: a further increase in the gas pressure will 

cause complete coverage of the sample and fills the pores and the Barrett-
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Joyner-Halenda (BJH) calculation can be used to calculate pore diameter, 

volume and distribution. 

 

Figure 26. Adsorption of gas on solid surfaces at different stages. 

 

Different methods are suitable for different pore shapes and sizes, such 

as the Barett, Joyner-Halenda BJH used to determine the pore size distribution 

(PSD) from nitrogen sorption isotherms. The most common method to 

determine the average pore diameter, size and volume distribution is through 

the BJH model. The pore diameters can be calculated from data of the sorption 

isotherms, using the BJH model. The main principles for calculating pore sizes 

are based on the concept of capillary condensation and the Kelvin as given in 

Equation 12. 

             (      )     (12) 

Where γ is the surface tension of the absorbed liquid, VL the molar volume of 

the liquid, θ the contact angle between the solid and the condensed phase and 

rK the mean radius of the liquid meniscus. When a critical pressure is reached, 

the adsorptive will condense in the pores. Hence, the pore radius will 
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determine if condensation can occur at a given pressure. This is seen as the 

hysteresis loop from the physisorption data. For capillary condensation in 

cylindrical pores, the Kelvin radius (rK) as a function of relative pressure can 

be given by Equation 13. 

  (    )                    (13) 

The pore size, rP, is then obtained by adding adsorbed layer thickness, t, to rk 

[160], so the pore width can be written as in Equation 14.                (14) 

For each step in the isotherm, the difference in the amount of adsorptive 

represents the core volume filled or emptied in that step. Using Equations 13 

and 14, the pore size can now be calculated. To decide the amount of pores 

with this size, the shape of the pores is assumed to be homogeneous for all 

pores. Using the difference in core volume and the volume of a cylinder with 

the radius rP, the total length of pores with this radius can be calculated and 

from this, the area of these pores can also be calculated. By performing these 

calculations for all steps in the isotherms, the total pore distribution can be 

obtained. 

Nitrogen sorption was performed with a Micromeritics ASAP 2000 or 

Quantachrome Autosorb instrument, using nitrogen at 77 K. The samples were 

degassed for 8 h at 363 K before the determinations. 
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3.6. Thermogravimetry 

Thermogravimetry (TG) is a technique in which the mass of a substance 

present in an oxidizing or inert atmosphere is monitored as a function of 

temperature. During such analysis, the sample is subjected to a controlled 

temperature program. This program consists of a linear increase in 

temperature, and the isothermal studies can also be performed when the 

changes in mass of the sample are monitored as a function of time. The 

desorption of water molecules to the combustion of organic matter or 

oxidation of the sample can be measured in terms of change of the mass. At 

the same time, the sorbed energy as heat for the process or released is also 

recorded, so that it is possible to identify whether the reaction is endothermic 

or exothermic. Thus, the curve of thermogravimetric derived associated record 

may allow identification of those effects and the point at which the mass loss 

occurs [170]. 

TG is used to characterize the decomposition and thermal stability of 

materials under a variety of conditions and to examine the kinetics of the 

physicochemical processes occurring in the sample. Thermogravimetric 

curves are characteristic for a given polymer or compound because of the 

unique sequence of the physiochemical reaction that occurs over specific 

temperature ranges and heating rates and are function of the molecular 

structure. The mass change characteristics of a material are strongly dependent 

on the experimental conditions employed. Factors such as sample mass, 

volume and physical form, the shape and nature of the sample holder, the 

nature and pressure of the atmosphere in the sample chamber, and the 

scanning rate have significant influences on the characteristics of the recorded 

TG curve. TG curves are normally plotted with the mass change (Δm) 
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expressed as a percentage on the vertical axis and temperature (T) or time (t) 

on the horizontal axis [171]. 

Thermogravimetric curves in an argon atmosphere were obtained on a 

TA instrument, coupled with a model 1090 B thermobalance, under a flow of 

30 cm3 s-1, using a heating rate of 0.167 K s-1, varying from room temperature 

to 773 K, with an initial mass of approximately 10 mg of solid sample. 

 

3.7. Scanning and transmission electron microscopy 

The scanning electron microscopy (SEM) is used in the microstructural 

analysis of solids. The micrographs are used to study the morphology of the 

particles, their shapes, and to estimate their average sizes. The scanning 

electron microscope has many advantages over traditional microscopes due to 

its higher resolution and therefore closely related species can be amplified for 

larger magnitudes. Because of the SEM contain electromagnets instead of 

lenses; the researcher has much greater control of the degree of magnification. 

All these advantages, as well as very clear images that can be obtained with 

this technique, make it the most useful tools in research nowadays [172]. 

From this procedure, the surface of the solid sample is scanned with an 

electron beam of high energy. The electrons bombard the surface and produce 

various types of signals, including the secondary and backscattered electrons. 

The back scattered electrons are the electrons of the incident beam that are 

reflected, while the secondary electrons are the electrons that have managed to 

escape from the surface, during bombardment with incident electrons. These 

signs serve as the basis for scanning electron microscopy. The electrons that 

escape can be detected using electron detectors, making possible to obtain an 
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image that can provide topographical and morphological information of the 

solid surface. 

Transmission Electron Microscopy (TEM) is a vital characterization 

tool for directly imaging mesoporous material to obtain quantitative measures 

of particle size, size distribution and morphology.  TEM images the 

transmission of a focused beam of electrons through a sample, forming an 

image in an analogous way to a light microscope. However, because electrons 

are used rather than light to illuminate the sample, TEM imaging has 

significantly higher resolution (by a factor of about 1000) than light-based 

imaging techniques. Amplitude and phase variations in the transmitted beam 

provide imaging contrast that is a function of the sample thickness (the 

amount of material that the electron beam must pass through) and the sample 

material (heavier atoms scatter more electrons and therefore have a smaller 

electron mean free path than lighter atoms) [173]. 

Successful imaging of nanoparticles using TEM depends on the contrast 

of the sample relative to the background. Samples are prepared for imaging by 

drying nanoparticles on a copper grid that is coated with a thin layer of carbon. 

Materials with electron densities that are significantly higher than amorphous 

carbon are easily imaged (Figure 2). These materials include most metals (e.g., 

silver, gold, copper, aluminum), most oxides (e.g., silica, aluminum oxide, 

titanium oxide), and other particles such as polymer nanoparticles, carbon 

nanotubes, quantum dots, and magnetic nanoparticles. 

The SEM micrographs were obtained with a scanning electron 

microscope JEOL JSM-6360 LV, operating at 20 kV. The samples were fixed 

on a carbon tape double sided adhesive to a copper support, coated with 

carbon tape, using a device Bal-Tec MD20, while TEM was performed with 

JEOL FE6 2700 equipment. 
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3.8.  Zeta potential  

The electro kinetic properties of a particle in suspension are governed 

by the electric charge distribution in the double layer that surrounds the 

particles. This double layer is formed when a surface-charge-carrying solid 

particle suspended in a liquid becomes surrounded by counter-ions of opposite 

charge to that of the particle surface. As the particles moves in solution, the 

plane beyond which counter-ions do not migrate along with the particle is 

known as the slipping plane. The electrical potential at the slipping plane is 

known as the zeta potential (ζ) and typically is measured in mV. 

As a result of increased electrostatic repulsion inhibiting agglomeration 

and settling, a suspension of particles showing a high absolute value of zeta 

potential is more stable in comparison to suspensions exhibiting lower zeta 

absolute potential values. In electrophoretic processes, a high zeta potential is 

desirable as this enhances the rate of particle movement under a given electric 

field, while inhibiting the sedimentation of the material. The point in which 

the potential at the slipping plane is zero is known as the isoelectric point 

(IEP). At this point electrostatic repulsion is minimized and Van der Walls 

forces facilitate agglomeration. The rate of particle movement under an 

electrical field is known as the electrophoretic mobility, μ. This parameter is 

defined by Equation 15.       (15) 

here, v is velocity and E  electric field. Particle movement under an electric 

field is directly related to the magnitude of the zeta potential [175, 176]. This 

can be seen in the expression of electrophoretic shown in Equation 16. 
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fact that when change occurs it invariably occurs with a change in heat (ΔH). 

Thus, heat is a universal accompaniment to chemical and physical change. The 

result is that calorimetry can detect, and potentially quantify, changes in a 

wide range of materials. 

The titration calorimetry is a method that combines thermochemical and 

analytical application, to determine, the variation of enthalpy, the equilibrium 

constant, the variation of Gibbs free energy and entropy change of the system. 

The interactions that occur between immobilized functional groups on the 

surfaces of solids and a species in solution are different from those occurring 

in the reactions in homogeneous solution. These differences are related to the 

solvation and dipoles steric effects. The resulting interactive effect depends on 

the reactivity and availability of the functional group in the interface for the 

species present in the solution. Some studies in this direction have been done 

to obtain the thermal effects involved in the interaction of ibuprofen drug on 

the modified hybrid silica materials [176].  

 Calorimetric experiments were performed using 2277 TAM 

(Thermometric AB, Järfälla, Sweden) equipped with a titration unit at 300 K. 

The drug solution (75.0 mg cm3) was loaded into the syringe and the silica 

suspended in 3 cm3 of water (50.0 mg cm3) was loaded into the sample 

ampoule. An equivalent volume of water was used as a reference. The pump 

was programmed to deliver 15 aliquots (15 μL) of drug solution (at a rate of 

1.5 μL min−1), at 60 min intervals. The amplifier was set to 300 μW and the 

system was calibrated by the electrical substitution method before each 

experiment. Data were collected with the dedicated software package Digitam 

4.1. The experimental data were integrated with Digitam 4.1 1215. Note that 

the TAM registers exothermic events with positive power values; the 

integrated data were thus inverted in sign to produce the enthalpy values 
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recorded below. Experiments were conducted in triplicate. In this work, the 

titration calorimetry was used to determine the energy related effect of 

sorption of the sodium salt of ibuprofen in solution, in Solid/liquid interfaces 

of the modified materials.   
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4.0. Results and discussion 

4.1. Elemental analysis 

The obtained percent of carbon and nitrogen in the anchored chains 

chemically bonded to the inorganic framework in the elemental analysis are 

summarized in Table 1. Based on these values, Lo value in mmol g-1 was 

calculated using Equation 17,                        (17) 

where ma is the atomic mass of each element. The carbon/nitrogen molar 

ratios were calculated and compared to the expected data [179,180]. 

 

Table 1. Percentages (%) of carbon (C) and nitrogen (N), the respective 

amounts (mmol g-1), and calculated (C/Ncal) and expected (C/Nexp) 

carbon/nitrogen molar ratios and the degree of functionalization (δ) for SBA-

15 and modified silicas. 

Sample C/% N/% C/mmolg-1 N/mmolg-1 C/NEXP C/NCALC
 δ /mmolg-1 

SBA-15 0.56 -- -- -- -- -- --- 

SBA-A1 11.61 3.41 9.67 2.4 3.0 3.97 0.60 

SBA-A2 9.14 3.58 7.62 2.75 2.8 2.77 0.55 

SBA-A3 13.86 3.68 11.55 2.62 5.0 4.40 0.65 

SBA-A4 28.89 6.64 24.07 4.72 5.0 5.10 2.36 

SBA-A5 12.92 2.05 12.00 1.46 6.5 8.21 0.73 

SBA-A6 24.90 2.26 20.80 1.61 8.0 12.91 0.86 

SBA-A7 11.22 1.95 9.37 1.39 5.0 6.72 0.35 

SBA-A8 9.44 1.43 7.87 1.0 4.0 7.87 0.20 
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For silicas SBA-A1, SBA-A2, SBA-A3 and SBA-A4 the agreement 

between calculated expected theoretical values and experimental values, as 

given in Table 1, confirms that all the active sites of the precursors reacted 

with synthesized bridged centers, during the synthesis process of these 

materials. Based on the structure of organic molecule supported on SBA-15, 

the obtained carbon-nitrogen ratio for SBA-A3 (4.40) is slightly low than that 

of the expected theoretical ratio (5.0), this slight variation can be explained on 

the basis that all the synthesized bridged structures not reacted to surface 

silanol during the immobilization process. 

In case of silica SBA-A4 the calculated ratio should be higher if some 

polymeric glutaraldehyde monomers will be introduced in the bridged moiety, 

to cause an increase in carbon atom contributions to the final chain. But 

however the obtained calculated experimental value 5.10 is almost equal to 

expected theoretical value of 5.0. Another feature to be considered in this 

reaction is related to the structure of glutaraldehyde in aqueous solution that is 

not limited to the monomeric form. The commercial solutions contain 

significant amounts of aldehyde α,β-unsaturation, favoring ring formation due 

to loss of water molecules by aldol condensation [177-179] but, the 

monomeric species can be enhanced at temperature below 363 K [179]. As the 

reaction of GA with APTES to obtain SBA-A4 was carried out at 323 K, the 

lower experimental C/N ratio suggests that the monomeric form of GA was 

dominant in this reaction.  

For silicas SBA-A5, SAB-A6, SBA-A7 and SBA-A8, the obtained C/N 

ratios were slightly higher than expected. These differences may be interpreted 

as a result of incomplete hydrolysis of some ethoxide groups of the silylating 

agent or some residue of the surfactant polymer that remains after calcination 

[181].  
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The degree of functionality (δ) based on the number of nitrogen atoms 

in a single bridged chain was calculated by dividing the mmolg-1 of nitrogen 

of each material with the number of nitrogen atoms present in a given single 

bridged chain. These materials show a good degree of functionality as given in 

Table 1. The high value of degree of functionality (δ) of about 2.36 mmolg-1 

was observed for SBA-A4, while 0.60; 0.55; 0.65; 0.73; 0.89; 0.35 and 0.20 

mmol g-1 were observed for silica hybrids SBA-A1, SBA-A2, SBA-A3, SBA-

A5, SBA-A6, SBA-A7 and SBA-A8, respectively.  

The obtained results suggest the modification of mesoporous silica 

SBA-15 with synthesized bridged polysilsesquioxane centers, which further 

confirmed with other techniques. 

 

4.2. Infrared Spectroscopy  

Typical bands associated with the inorganic backbone of mesoporous 

silica, as well as with the new functional organic groups attached, are shown 

in Figure 27 to 34. A broad band centered at 3500 cm-1 is attributed to the OH 

stretching frequency due to the presence of water molecules inside the 

mesoporous channels [182]. The bands observed in the 1620 to 1630 cm-1
 

interval due to the presence of water molecules sorbed on surfaces. The bands 

in the 1000 to 1100 cm-1 range are attributed to Si-O-Si stretching vibrations 

in the inorganic skeleton. The bands at 961 cm-1 which are attributed to free 

silanol groups (Si-O-H), which are less evident for the chemically modified 

silicas. This expected decrease in band intensity is related to the reaction of 

the silylating agents with the available silanol groups on the silica surface to 

form the inorganic Si-O-Si bond [183].  
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The IR spectra of unmodified silica SBA-15 and modified silicas SBA-

A1 and SBA-A2 are shown in Figures 27 and 28. The new small bands for 

these modified silica hybrids, located at 1398 and 1469 cm-1 were assigned to 

C–N stretching vibration. Moreover, the bands located in the 2800 to 2931 cm-

1 region can be assigned to C-H symmetrical and asymmetrical stretching 

vibrations [184]. On the other hand, the appearance of the same bands in the 

precursor SBA-15 silica is due to the existence of traces of the surfactant even 

after calcination. However, for chemically modified silicas an increase in the 

intensity of these bands is observed.  

 

 

 
Figure 27. IR spectra of (a) calcinated SBA-15 and (b) and SBA-

A1silicas.  
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Figure 28. IR spectra of (a) calcinated SBA-15 and (b) SBA-A2 silicas. 
 

 

The infrared spectra of SBA-15 and its hybrid SBA-A3 and SBA-A4 

also gave important bands to elucidate and identify chemical groups 

associated with the synthesized structures, as shown in the Figures 29 and 30. 

A broad band in the 3000 to 3500 cm-1 region is attributed to silanol stretching 

vibration and also to the presence of OH group of water molecules inside the 

mesoporous channels. The bands in the 2800 to 2931cm-1 region were 

attributed to ν(C–H) stretching, while those in the 1000 to 1100 cm-1 interval 

are assigned to Si–O–Si stretching vibration. Very weak bands are present in 

the chemically modified silica, in agreement with the organofunctionalization.  
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Figure 29. IR spectra of (a) calcinated SBA-15 and (b) SBA-A3 silicas. 
 

The spectra of hybrid silica SBA-A3 and SBA-15 showed bands for 

basic inorganic framework and very small band in 1466 cm-1 that was 

assigned to C-N as shown in Figure 29. The bands in the spectra of SBA-A4 

located at 1398 and 1469 cm-1 were assigned to C–N stretching vibration and 

at 1655 cm-1 can be attributed to N=C stretching, which results are in 

agreement with previous investigation [185]. The band at 792 cm-1 is 

associated with the free silanol groups and there is no characteristic band 

related to free aldehydic group near 1720 cm-1 [185]. 
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Figure 30. IR spectra of (a) calcinated SBA-15 and (b) SBA-A4 silicas. 
 

 

The spectra of SBA-A5 and SBA-A6 along with unmodified silica 

SBA-15 are shown in Figure 31, those showed the characteristic typical band 

for mesoporous silica, the appearance of a very small peak at 1465 cm-1 

correspond C-N bond. The bands in the spectra of SBA-A6 (Figure 32) in the 

region of 600 to1600 cm-1 are attributed due to bond deformation of the 

aromatic ring. While the band at 1764 cm-1 corresponds to the vibration of 

C=O group in the pyromellitic dianhydride molecule [186].  
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Figure 31. IR spectra of (a) calcinated SBA-15 and (b) SBA-A5 silicas. 

 

 

Figure 32. IR spectra of (a) calcinated SBA-15 and (b) SBA-A6 silicas. 
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The spectra of unmodified silica SBA-15 and modified silicas SBA-A7 

and SBA-A8 are shown in Figures 33 and 34. The bands in the 3000 to 3500 

cm-1 region were assigned to silanol stretching vibration and also to OH group 

of water molecules present inside the mesoporous channels. The bands at 2800 

and 2931cm-1 are related to ν(C–H) stretching and those in the 1000 to 1100 

cm-1 interval are attributed due to Si–O–Si stretching vibration. Very weak 

bands related to modification were observed in spectra of SBA-A7 and SBA-

A8. The very small band at 1455 cm-1 attributed due to C-N bond and that at 

1706 cm-1 due to C=O of the group attached to silica structure [186]. 

These results suggest that, the characteristics bands related to organic 

groups attached to silica surface are very small, therefore, to get more 

information about structure further techniques were used. 

 

 

 

Figure 33. IR spectra of (a) calcinated SBA-15 and (b) SBA-A7 silicas. 
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Figure 34. IR spectra of (a) calcinated SBA-15 and (b) SBA-A8 silicas. 
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Q3 signals appear between -98 and -105 ppm indicates that a silicon atom is 

connected to three other atoms of oxygen (Figure 35), which in turn are linked 

to other silicon and oxygen atom or bonded to a hydrogen or cation, forming 

silanol group on the surface of inorganic structure. The Q2 signal occurs 

between -90 and -100 ppm indicates that the silicon atom is attached to two 

oxygen atoms, which are connected to other silicon atoms and two silanols as 

shown in Figure 35. The Q1 sign occurs between -80 and -90 ppm and it 

corresponds to a silicon atom bonded to three silanol [187].  

 

 

 

   (e)     (f)         (g) 

 

Figure 35. Silicon species present in inorganic structures, Q4 (a), Q3 (b), Q2 

(c), T1 (d), T2 (e) and T3 (f), where R is the organic molecules and R´ is the 

ethoxy or methoxy groups of the silylating agent. 
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The type T signals are expected when the silylating agents are attached 

to the silicon atoms forming a covalent bond on the inorganic surface. The 

way in which the silylating agent is attached to the inorganic framework are 

known as T1, T2 and T3 species, which are mono, bi and tridentate, 

respectively as shown in Figure 35. 

The 29Si CP/MAS NMR spectrum of the unmodified SBA-15 sample is 

shown in Figure 36. The 29Si resonance around -92, -100 and -110 ppm 

originated from the structural units of the SBA-15 support and reflect the 

surface silanol groups, Q2, Q3 and Q4 groups, respectively. 

 

 

Figure 36. 29Si NMR CP-MAS spectrum of the unmodified calcinated silica 

SBA-15. 

 

The spectra of the modified silicas with the inserted proposed bridged 

structures are shown in Figures 37 to 44. The spectra of all modified materials 

presented four characteristic signals of Q3, Q4, T2 and T3. The intensity of 
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these signals is related to surface coverage with silylating agents bearing 

organic groups.  

 

 

 

Figure 37. 29 Si NMR CP-MAS spectrum of the chemically modified silica  

SBA-A1. 
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case, are connected in a bidentate way to the inorganic structure, and only two 

of sililante agent alkoxides groups suffered condensation reactions. None of 

the spectra of chemically modified silicas presented the species T1, showing 

that efficient synthetic routes were adopted to obtain a good degree of 

condensation between the surface silanolsl groups and ethoxy groups of 

silylating agents.  

 

 

 

Figure 38. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A2. 
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Figure 39. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A3. 

The presence of Q4 species in these spectra is due to siloxane bonds the 

inorganic silica's in the internal network, while the Q3 signs appear due to 

silanols groups that have not been utilized during condensation reactions of an 

ethoxy group of silylating agents. 

 

Figure 40. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A4. 
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Figure 41. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A5. 

 

The resonance spectra for the silicon nucleus in the solid state for all 

modified silicas confirmed the covalent bond formation between silylating 

agent and the available silanol groups attached to the silica surface. The 

appearance of typical signals for silica hybrids, described as Q4 [Si(OSi)4)], Q
3 

[(OSi)3(OH)], T3 [RSi(OSi)3] and T2 [RSi(OSi)2(OH)], originating from the 

structural unit, indicated the presence of the organic part bonded to the 

inorganic framework of  silica in a bi or tridentate way and indicated the 

immobilization of the synthesized organic structures.  
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Figure 42. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A6. 

 

For modified silicas SBA-A1, SBA-A4 and SBA-A6, the intensity of T 

signals are greater than Q, as shown in Figures 37, 40 and 42, respectively, 

significant that surface silanol groups were effectively replaced by silylating 

agent and reflect the density of silanol groups [188]. Low intensities of T 

signals compared to Q signals were observed for silicas SBA-A2, SBA-3 and 

SBA-A5, as shown in Figure 38, 39 and 41, respectively. In case of silicas, 

SBA-A7 and SBA-A8, the ratio of these signals are almost same, (Figure 43, 

44) that reflect the coverage of surface with synthesized structures and also the 

presence of free silanols. 
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Figure 43. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A7. 

 

 

Figure 44. 29 Si NMR CP-MAS spectrum of the chemically modified silica 

SBA-A8. 
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4.3.2.
13

C NMR CP-MAS 

The spectra of the mesoporous materials SBA-A1 and SBA-A2, 

functionalized with the synthesized molecules with TETA and TEPA with the 

respective structures, are shown in Figure 45 and 46. The resulted chemical 

shifts are in agreement with the proposed structures. The spectrum of SBA-A1 

showed a set of three peaks at 9.4; 24.6 and 46.2 ppm. These chemical shifts 

are attributed due to C-Si, C-C and C-N bonds and were assigned to carbons 1 

to 12 of the inserted proposed structure in Figure 45. Similarly for SBA-A2 

material, the three peaks at 9.3; 22; and 48 ppm are attributed to carbon 1 to 

14.  These chemical shifts were assigned to the groups shown in the respective 

inserted proposed structure in the Figure 46.  

 

 
Figure 45. 13C NMR CP-MAS spectra of the modified silica SBA-A1. 

 

The spectra of mesoporous silicas, SBA-A3 and SBA-A4 are shown in 
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Figure 46. 13C NMR CP-MAS spectra of the modified silica SBA-A2. 

 

 

For silica SBA-A3, the chemical shifts at 7.9; 23 and 53 ppm are related 

to Si-C, C-C and C-N bond respectively, of the inserted proposed structure, 

while chemical shift at 73.0 ppm was attributed to carbon attached to the 

oxygen as shown in the proposed structure (Figure 47). 

 
Figure 47. 13C NMR CP-MAS spectra of the modified silica SBA-A3. 

200 175 150 125 100 75 50 25 0 -25

Si N
H

OR

H
N

N
H

H
N

N
H

Si

1

2

3 4

5 6

7 8

9 10

11 12

13

14

Chemical shift / ppm

1,14

2,13

3-12

250 200 150 100 50 0 -50

OSi

OH

N
H

H
N

N
H

H
N

OH

O Si

OR1

2

3 4
5

6 7

8 9

10 11

12 15 16

17

18

14

13

Chemical shift / ppm

1,18
2,17

 6-13

3-5, 14-16



105 

 

The spectrum of the carbon nucleus of SBA-A4 shown in Figure 48 

gave a series of signals at 14.0; 26.2; 46.4, 58.9 and 167.3 ppm. The first four 

signals are attributed to C–Si, C–C, C–N, while the chemical shift at 167.3 

ppm is assigned to imine bond (C=N) [185] of the proposed inserted structure 

of SBA-A4 in Figure 48. The small peak at 132.57 ppm could be attributed to 

C=C bond of the polymeric glutaraldehyde, that present in glutaraldehyde 

along with monomeric form. The intensity of this peak is very low and 

suggests that the monomeric species of glutaraldehyde were dominant over 

polymeric GA species in the synthesis procedure of SBA-A4 silica hybrid.  

 

 
Figure 48. 13C NMR CP-MAS spectra of the modified silica SBA-A4. 
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Figure 49. 13C NMR CP-MAS spectra of the modified silica SBA-A5. 
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Figure 50. Peak appeared at 62.0 ppm (marked with #) can be attributed to 

residual ethoxy group as suggested in a similar work by co workers [188] or 

due to the presence of unreacted residues. The presence of these peaks 

confirms the proposed structure modified with organic bridged molecules with 

pyromellitic dianhydride centers.  
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Figure 50. 13C NMR CP-MAS spectra of the modified silica SBA-A6. 
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bonds as shown in Figure 52. 
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Figure 51. 13C NMR CP-MAS spectra of the modified silica SBA-A7. 

 

 
Figure 52. 13C NMR CP-MAS spectra of the modified silica SBA-A8. 

 

The obtained NMR data clearly shows the presence of organic bridges 

attached to the inorganic frame work and confirmed the modification process 

of SBA-15 silica. 
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4.4. Small angle X-ray diffraction 

Small angle diffraction patterns for calcinated SBA-15 and chemically 

modified silicas are shown in Figures 53 to 58. The obtained diffraction 

patterns are very similar for all silicas, indicating that the grafted organic 

groups did not affect the structural stability of the original mesoporous silica, 

whose reflections were indexed as (100), (110) and (200), respectively. These 

peaks were indexed according to two-dimensional hexagonal p6mm 

symmetry, with a well-defined SBA-15 mesostructure. A sharp reflection at 

2θ near to 0.6, indexed as (100) and two minor, but distinct reflections at 2θ in 

the interval 1.0 to 2.0, were indexed as (110) and (200), respectively. The 

obtained results are in agreement with the previously reported patterns [20, 

36].   

 

 

Figure 53. Small angle X-ray diffractogram of mesoporous silica SBA-15. 
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The d100 spacing at the (100) plane was calculated using Bragg’s law as 

given in Equation 9 and the unit cell parameter (a0) was calculated using 

Equation 18:  

a0 = 2d100/√3  (18) 

The unit cell parameters was calculated for the synthesized silica hybrids and 

were found 15.2; 15.6; 15.7; 15.1; 16.8 and 14.9 nm for silicas SBA-15, SBA-

A1, SBA-A3, SBA-A4, SBA-A5 and SBA-A6, respectively.  The data 

indicated that the long-range hexagonal symmetry of SBA-15 remained 

preserved after the sequence of the modifications with bridged molecules. 

The intensities of these characteristic diffraction planes decreased with 

respect to the unmodified SBA-15 due to the anchoring process of the 

silylating agents. The reduction in intensity is mainly caused by contrast 

matching between the silicate framework and organic moieties, which are 

located inside the SBA-15 channels [148]. 

The diffractograms of SBA-A1 and SBA-A3 showed all the 

characteristic diffraction plans (100), (110) and (200) and confirmed that the 

hexagonal structure of the precursor silica remained preserve after 

modification with amines. However the intensities of all these plans have 

decreased to some extent when compared to original precursor silica due to 

anchoring of amines on silica surface as shown in Figures 54 and 55.  
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Figure 54. Small angle X-ray diffractogram of mesoporous silica SBA-A1. 
 

 

 
Figure 55. Small angle X-ray diffractogram of mesoporous silica SBA-A3. 
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silica, but the hexagonal symmetry of the material remains preserved. This 

decrease in the peak intensities also explains the high degree of modification 

and supports the previous results [148].  

 

 

 
Figure 56. Small angle X-ray diffractogram of mesoporous silica SBA-A4. 

 

Similarly, the SAXs diffractograms obtained for SBA-A5 and SBA-A6 

silicas have characteristic peaks of typical SBA-15 type silica, as shown in the 

Figures 57 and 58. The peak intensity for SBA-A6 was also reduced after 

modification with aromatic bulky ring, when compared with the original 

precursor silica SBA-15. The decrease in intensity of such reflections suggests 

that there is a reduction in mesostructural planning or there is a reduced 

scattering contrast between the wall and the porous silica [189, 190]. 

However, the presence of these reflections indicates that the hexagonal 

structure of all such materials has been preserved.  
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Figure 57. Small angle X-ray diffractogram of mesoporous silica SBA-A5. 
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Figure 58. Small angle X-ray diffractogram of mesoporous silica SBA-A6. 
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4.5. Nitrogen Sorption/Desorption 

The sorption/desorption nitrogen isotherm of mesoporous silica, SBA-

15 type exhibits IV isotherm with H1 hysteresis loop, which is a typical 

characteristic of the mesoporous materials [11, 12]. The sorption/desorption of 

nitrogen for synthesized silicas resulted in type IV isotherms with hysteresis 

loops H1, as shown in Figures 59 to 66, which is a typical feature the 

mesoporous materials. The sorbed volumes associated with all isotherms 

increased significantly to a relative pressure (p/p
0) equal to approximately 0.6, 

which relates to capillary condensation of nitrogen within the mesoporous 

structure. The position of inflection shifted slightly towards lower values of 

relative pressure, the sorbed volume of the nitrogen decreased after 

functionalization. There is a decrease in pore volume based on BJH methods, 

compared with the pure calcinated silica SBA-15 [169,190] as given in Table 

2. The physical parameters of the isotherms of nitrogen, such as associated to 

the model surface area BET (SBET), the BJH pore volume and pore diameter 

for mesoporous silicas, which indicates that the textural properties of the silica 

are given in the Table 2. In addition, the pore wall thickness Pw was calculated 

using Equation 19: 

     PW = a0 - Dp    (19) 

where (Dp) is the pore diameter obtained from nitrogen sorption/desorption 

and a0 is a unit cell parameter  obtained from SAXs. The value for Pw was 

found 7.2 nm for the original precursor silica SBA-15. These values 

drastically decreased after the subsequent modifications with synthesized 

bridged polysilsesquioxanes.  
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The nitrogen sorption/desorption isotherms of the modified silica, SBA-

A1 and the original precursor SBA-15 is shown in Figure 59. The multilayer 

film formation on the pore walls is observed for the initial part of the curve.  

 

Figure 59. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A1 (●) silicas. 
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Table 2. Surface area obtained with the BET method (SBET), pore volume (Vp) 

and pore diameter (Dp) obtained with BJH method. Unit cell structure 

parameter (ao) and the calculated pore wall thickness (Wp). 

Materials SBET/m2 g-1 Vp / cm3 g-1 Dp / nm ao / nm Wp / nm 

SBA-15 802.4 1.42 8.0 15.2 7.2 

SBA-A1 454.1 0.77 6.8 15.6 8.8 

SBA-A2 335.6 0.69 13.2 -- -- 

SBA-A3 478.8 0.85 6.9 15.7 8.8 

SBA-A4 62.9 0.09 5.9 15.1 9.3 

SBA-A5 400.6 0.87 9.9 16.8 6.9 

SBA-A6 94.0 0.20 6.1 14.9 8.8 

SBA-A7 342.0 0.46 5.2 -- -- 

SBA-A8 332.7 0.47 5.2 -- -- 

 

For the modified material SBA-A1, the surface area reduced from 802.4 

to 454 m2 g-1, pore volume from 1.42 to 0.77 cm3 g-1, average pore diameter 

from 8.0 to 6.8 nm, which suggests that the TETA bridged structures were 

most likely grafted onto the external silica surface. The grafted functional 

groups on the mesoporous structure leads to a noticeable change in sorption 

characteristic of silica that is clear from a pronounced change in the shape of 

the hysteresis loop for SBA-A1, which is probably due to blocking of pores by 

bridged moieties. 

The BET isotherms of the modified silicas SBA-A2, SBA-A3 and SBA-

A4 are shown in Figure 60 to 62. The shape of the hysteresis loop remained 

unchanged but decrease in sorbed volume has been observed, which is in 

agreement with previous results and suggest the surface modifications, while 
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the pore shape was not significantly changed after grafting the bridged 

molecules, compared to unmodified SBA-15 silica. 

 

Figure 60. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A2 (●) silicas. 

 

 

Figure 61. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A3 (●) silicas. 
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The surface area was reduced from 802.4 m2 g-1 to 335.6, 478.8 and 

62.9 m2g-1 for SBA-A2, SBA-A3 and SBA-A4, respectively. A great reduction 

in the surface area and pore volume from 1.42 to 0.09 cm3 g-1 was observed for 

of SBA-A4, which reflect that the organic bridged has been successfully 

anchored to silica surface. An increased in wall thickness has been observed 

for SBA-A4, that could provide extra stability to this material. The pore 

diameter (0.59 nm) of this material was not significantly changed (Table 2).  

The nitrogen sorption isotherm of modified silicas SBA-A5 and SBA-

A6 are shown in Figures 63 and 64. The shape of the hysteresis loop for SBA-

A5 remained the same when compared with SBA-15 unmodified silica, while 

a decrease in the sorbed volume has been observed for this material and 

surface area reduced to half when compared to original surface area (Table 2).    

 

 

Figure 62. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A4 (●) silicas. 
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Figure 63. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A5 (●) silicas. 

 

 

Figure 64. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A6 (●) silicas.  
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When compared to SBA-15 unmodified silica, change has been 

observed in the shape of the hysteresis loop for silica SBA-A6 as shown in 

Figure 64. This fact can be explained on the basis that bulky group can affect 

the structural properties of mesoporous silica [72]. The surface area of this 

material reduced to 94 m2g-1 and the pore volume to 0.2 cm3g-1 nm after 

grafting the bridged molecules. 

The sorption/desorption isotherms for materials SBA-A7 and SBA-A8 

are shown in 65 and 66, which resulted in type IV isotherm with H1 hysteresis 

loop. The sorbed volume has been decreased of these modified materials when 

compared to original precursor silica. The textural properties of these 

materials are listed in Table 2.  

 

 

 

 Figure 65. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A7 (●) silicas. 
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Figure 66. Nitrogen sorption/desorption isotherm for SBA-15 (■) and SBA-

A8 (●) silicas. 

 

These results suggest the modification process of silica SBA-15 with 

organic bridged centers, evidenced from the sorbed volume of nitrogen, pore 

volume and surface area. 
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Figure 67. SEM images of unmodified silica SBA-15, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 

 

The particles of synthesized SBA-15 are joined to form long fibrous 

macrostructures with a relative particle size of several micrometers, which is a 

characteristic morphology for the SBA-15 structure [192], as shown in Figure 

67. The same morphological pattern has been observed for modified silicas, 

both with respect to the size and shape of particles and agglomerates and show 

highly ordered mesoporous fiberlike structures. This kind of structure is 

composed of large fibrous structures varied from 20 to 30 μm in length and 3 

to 5 μm in diameter (Figures 68 to 75).  

 

    

Figure 68. SEM images of modified silica SBA-A1, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 
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Figure 69. SEM images of modified silica SBA-A2, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 

 

 

The fibrous structure is an agglomerate of long fibers that are 

constituted from small rod like sub particles of 1 to 2 μm in length and 0.5 μm 

in diameter, that can be clearly seen in all samples except SBA-A6, shown in 

the Figures 67 to 75, which is in agreement with the previously reported data 

[192] for highly ordered mesoporous structures of fiberlike SBA-15. 

 

 

        

Figure 70. SEM images of modified silica SBA-A3, left to right scale bars 

1μm and 5μm and magnifications x10000 and x4000. 
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Figure 71. SEM images of modified silica SBA-A4, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 

 

 

    

Figure 72. SEM images of modified silica SBA-A5, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 

 

 

The SEM image of SBA-A6 shows round sub particles of 2 μm in length 

and more than 1 μm of diameter and shows a lack of fibrous structure as 

shown in the Figure 73. This behavior probably due to the presence of bulky 

PMDA based bridged silylating agent that can disturb the original textural 

properties of the systems [72]. 
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Figure 73. SEM images of modified silica SBA-A6, left to right scale bars 

1μm and 5μm and magnifications x10000 and x3500. 

 

    

Figure 74. SEM images of modified silica SBA-A7, left to right scale bars 
1μm and 5μm and magnifications x10000 and x5000. 
 

     

Figure 75. SEM images of modified silica SBA-A8, left to right scale bars 

1μm and 5μm and magnifications x10000 and x5000. 
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Transmission electron microscopy (TEM) images were only taken for 

calcined SBA-15 and SBA-A1 including different sample orientations, which 

show well-ordered hexagonal arrays of mesopores (1D channels) and further 

confirm that SBA-15 silicas has a 2D p6mm hexagonal structure as shown in 

Figure 76A to 76D. From high-dark contrast in the TEM image of these 

samples, the distance between mesopores is estimated to be ∼10 and 7.0 nm 

for SBA-15 and SBA-A1, respectively, in agreement with that determined 

from the XRD data. The thicknesses of the silica walls are estimated to be ∼5 

to 7 nm for SBA-15 and SBA-A1, respectively. Focus-series measurements 

show that the bright areas correspond to the pores and dark areas to the silica 

walls. 

    

    

Figure 76. TEM images of different magnification of  (A,B) SBA-15 and (C, 

D) SBA-A1 mesoporous silicas with different average pore sizes. 

A B 

C D 
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4.7.  Termogravimetry  

The derivative thermogravimetric curve (DTG) for the unmodified silica 

has two distinct mass loss regions: i) thermal desorption of water, 

corresponding to 10.0 %, in the range of 314 to 335 K and ii) a slight decrease 

in mass loss of about 0.5 %, from this temperature to 1200 K, attributed to 

silanol condensation [193], as shown in Figure 77.  

 

 

Figure 77. Thermogravimetric and derivative curves for SBA-15 silica. 

 

Thermogravimetric (TG) and derivative curves of mesoporous silicas 

modified with organic bridged centers are shown in Figures 78 to 85 and the 
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observed in the DTG curves: i) before 400 K is attributed to the release of the 

sorbed water molecules in the arrays, ii) in wide region, 400 to 850 K, 

corresponding to the decomposition of organic chains pendants, being quite 
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molecules present in the structure and the decomposition of organic portions, 

which may result in different fragments of masses in function of temperature 

and iii) occurs above 900 K  (Table 3), attributed to condensation of the 

silanol groups Si-OH and siloxanes, Si-O-Si, of inorganic structure [193]. 

 

Table 3. Mass loss in percentage (Δm) in respective intervals of temperature 

(ΔT), for silica SBA-15 and its derivative silicas. 

Sample ΔT / K Δm / % Sample ΔT / K Δm / % 
 

SBA-15 

314-335 9.90  308-334 2.6 
335-545 0.50 SBA-A5 334-805 19.0 
1012-1226 0.01   

 

SBA-A1 

316-346 3.70  

 

SBA-A6 

312-335 0.5 

346-613 9.50 335-542 16.2 

613-797 5.60 542-673 2.5 

797-1075 0.20 673-830 30.5 

830-1185 1.40 

 

SBA-A2 

312-336 4.0  

 

SBA-A7 

 

305-335 1.80 

336-508 5.0 335-553 7.43 

508-523 7.7 553-719 1.60 

523-793 7.0 719-910 4.8
793-1063 3.4   

 

SBA-A3 

318-332 14.1  

SBA-A8 

307-330 1.46 

332-543 6.4 330-555 6.30 

543-725 8.0 555-716 1.94 

725-1090 2.8 716-892 5.17 

 

SBA-4 

320-368 10.4 -- 

-- 

-- -- 

368-805 25.8 -- -- 

805-1142 6.0 -- -- 
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The thermogravimetric curves for mesoporous silica functionalized with 

amine bridged centers, SBA-A1, SBA-A2, SBA-A3, SBA-A7 and SBA-A8 

show similarities with mass loss in the temperature range 400 to 850 K, of 

about 15.0;  20.0; 14.4; 9.0 and 8.2 %, as shown in Figures 78 to 80, 84 and 

85, respectively, corresponding to the decomposition of amines chains in the 

bridges and also describe events competitors such as the removal of water 

molecules present in the structure and the decomposition of organic portions.  

 

 
Figure 78. Thermogravimetric and derivative curves for SBA-A1 silica. 

 

Figure 79. Thermogravimetric and derivative curves for SBA-A2 silica. 
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Figure 80. Thermogravimetric and derivative curves for SBA-A3 silica. 

 

 

Figure 81. Thermogravimetric and derivative curves for SBA-A4 silica. 
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 The second mass loss in the region from 400 to 850 K corresponds to 

the decomposition of organic moieties. As discussed above, this stage is 

complex, the mass loss can be due to the removal of water molecules present 

in the structure and also due to the decomposition of organic portions, which 

may result in different fragments of masses in function of temperature. The 

highest mass loss of about 49.0 % was observed for silica SBA-A6, while 

SBA-A4 shows a mass loss of 25.8 % and SBA-A5 shows Δm of 19.0 % in 

the temperature range of 400 to 800 K as shown in Figures 81 to 83. For these 

materials the first and last stage of Δm is due to desorption of water or solvent 

removal, while the last stage Δm is artributed due to silanols condensation to 

produce water. 

 

Figure 82. Thermogravimetric and derivative curves for SBA-A5 silica. 

 

The mass loss in the final stage (Figures 77 to 85),  in temperature of 
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Percentage loss of mass (Δm) and its temperature intervals (ΔT) obtained from 

DTG curves are shown in Table 3. 

 

 

Figure 83. Thermogravimetric and derivative curves for SBA-A6 silica. 

 

 

 

Figure 84. Thermogravimetric and derivative curves for SBA-A7 silica. 
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Figure 85. Thermogravimetric and derivative curves for SBA-A8 silica. 

 

 

These results suggest the modification of silica with organic structures 

as evidenced from mass loss in the second stage which clearly showed the 

sequence of removal of organic chains anchored to inorganic structure.  
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Table 4. Zeta potential (ζ) of unmodified silica SBA-15 and modified silica. 

Materials ζ /mV Materials ζ /mV 

SBA-15 -20.4 SBA-A5 30.8 

SBA-A1 39.0 SBA-A6 06.7 

SBA-A2 45.7 SBA-A7 16.6 

SBA-A3 39.0 SBA-A8 20.6 

SBA-A4 39.6 -- -- 

 

 

The ζ-potential values increased to +39.0 for modified silicas, SBA-A1, 

SBA-A3 and SBA-A4. For silica SBA-A2, having TETA bridge structure 

resulted in a higher z value of +45.0 mV. This high value also shows that the 

suspension of this silica is electrically stabilized and showed good stability. 

This high positive zeta potential value can be explain on the basis of surface 

modification with organic bridged chains containing nitrogen groups and also 

indicates that most of silanol groups have been used during the surface 

modification process.  Comparatively low z value, +6.7 mV was observed for 

SBA-A6.  For silica hybrids SBA-A7 and SBA-A8, +16.6 and +20.6 mV were 

recorded, respectively, which reflect the magnitude of the electrical charge at 

the double layer.  

These results also suggest the replacing of the surface silanol groups with 

bridged centers and reflect the surface charges of the synthesized hybrid 

silicas. 
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4.9.  Drug loading  

The drug loading capacities of the mesoporous silicas are summarized 

in Table 5. It can be observed that calcinated silica SAB-15 with surface area 

802 m2 g-1and pore diameter 8.0 nm, loaded 18.0 % (mass/mass) of the drug, 

while chemically modified silica hybrids comparatively showed high drug 

loading capacities, although with a reduction of surface area and pore volume 

a decrease in loading capacity was expected. However, the structural changes 

through the insertion of bridge chains containing basic centers on the silica 

surface caused an increase in hydrophobicity, which improved the drug 

loading capacities, as previously observed for dye-organofunctionalized silica 

[194].   

The drug-silica interactive process inside the mesopore is strongly 

dependent on the presence of carboxylate groups which can form hydrogen 

bond with: i) free silanol group on the pore wall surface of SBA-15 and ii) 

basic nitrogen centers attached to the bridge-chains in the modified 

silicas[119,166].  

Mesoporous silicas SBA-A4 and SBA-A5 loaded highest amounts of 

drug about 29 and 28.3 % , while silicas modified with amines (SBA-Ax (x=1 

to 3)) loaded 21; 18 and 22 % respectively and silica SBA-A6 loaded 20 % of 

ibuprofen as listed in Table 5. The water soluble salt of ibuprofen was loaded 

to SBA-A7 and SBA-A8 silicas, the loading capacities of these silicas were 

8.0 and 10.0% respectively.  

From these results it could be concluded that chemical modifications of 

mesoporous silica affect the drug loading capacities.   
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Table 5. Amount of ibuprofen loaded (mass/mass%)  by unmodified silica 

SBA-15 and modified silicas and their surface areas (SBET) (m
2 g-1) . 

ilica SBET/m2 

g-1 

IBU loaded 

(%) 

Silica SBET/m2 

g-1 

IBU loaded 

(%) 

SBA-15 802.4 18.0 SBA-A5 400.6 29.0 

SBA-A1 454.1 21.0 SBA-A6 94.0 20.0 

SBA-A2 335.6 18.0 SBA-A7* 342.0 8.0 

SBA-A3 478.8 22.0 SBA-A8* 332.7 10.0 

SBA-A4 62.9 28.0 -- -- -- 

   SBA-A7* and SBA-A8* were loaded with salt of ibuprofen. 

 

4.9.1. In-vitro release of ibuprofen 

Drug release refers to the process in which drug solutes migrate from 

the initial position in the polymeric system to the polymer’s outer surface and 

then to the release medium [194]. This seemingly simple process is affected 

by multiple complex factors such as the physicochemical properties of the 

solutes, the structural characteristics of the material system, release 

environment, and the possible interactions between these factors [195,196]. To 

find out these factors, the in-vitro drug release profiles up to 8.5 h and 

complete profile up to 75.5 h at 310 K ± 1 in biological fluids are shown in 

Figures 86 to 88.  The drug release profiles of the silicas in SBF show the 

initial rapid release occurred in the initial first hour up to 8.5 h with a total 

liberated mass of 27.3; 10.0; 20.0; 15.0; 6.4; 6.3 and 28.0 % as shown in 

Figure 86A, while after 24 h, 20.5; 9.0; 19.74; 12.3; 6.7; 5.9 and 30.5 % of the 

drug was released from SBA-15; SBA-Ax (x-1 to 6), respectively. After this 

period, the release profile of the drug remained almost constant until 75.5 h 

and 15.0; 12.4; 19.86; 6.95; 5.94; 4.29 and 24.88 % of the drug were released 
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from silica SBA-15 and modified silicas SBA-Ax (x=1 to 6) as shown in 

Figure 86B.  

 

 
Figure 86.  In-vitro release profile of ibuprofen for the first 7 hours (a)  and 

complete release profile for 75.5 h (b) in SBF, from calcinated SBA-15 (), 

SBA-A1 (●), SBA-A2 (▲), SBA-A3(▼), SBA-A4 (◄), SBA-A5 (►) and 

SBA-A6 (♦) at 310 K  ± 1. 

 

The in-vitro release profiles of IBU from mesoporous silicas in 

stimulated intestine fluid (SIF) are shown in Figure 87. In first hour 18;0; 12; 
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19; 14; 6; 10 and 15 %, while 27; 16; 28; 18; 6; 10 and 19 % of the drug 

released in 8.5 h from SBA-15 and SBA-Ax (x= 1 to 6), respectively. 

 

Figure 87. In-vitro release profile of ibuprofen (a) for the first 7 hours and (b) 

complete release profile in SIF from calcinated SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲), SBA-A3 (▼), SBA-A4 (◄), SBA-A5 (►) and SBA-A6 (♦) at 

310 K  ± 1. 

 

The drug release rate becomes slower for SBA-15 after 24 h to 20 %, 

while for modified silicas the release profiles are stable during this period and 

16.0; 22; 18; 7; 10 and 24 % of the drug released from silicas SBA-Ax (x=1 to 
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6), respectively. After this period the release profiles of IBU from mesoporous 

silicas remain constant with a slight variation. The amount of ibuprofen 

released from these materials after 71.5 h were 15; 8; 15; 12; 6; 5 and 23 % 

from silica SBA-15 and modified silicas SBA-Ax (x=1 to 6), respectively. The 

functionalized materials showed a slower drug release in stimulated gastric 

fluid (SGF), when compared to pure silica SBA-15 as shown in Figure 88. 

 

 

Figure 88. In-vitro release profile of ibuprofen (a) for the first 8.5 h and (b) 

complete release profile in SGF from calcinated SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲), SBA-A3 (▼), SBA-A4 (◄), SBA-A5 (►) and SBA-A6 (♦) at 

310 K  ± 1. 
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A slow release rate of IBU from all silicas except SBA-6, was observed 

in stimulated gastric fluid (SGF), in first hour  6; 7; 5; 5; 8; 3 and 25 % and in 

8.5 h 8; 5; 5; 7; 8; 3 and 37 % of the drug were released from SBA-15 and 

SBA-Ax (x= 1 to 6). After this time stable release rates were observed. This 

fact can be explained due to ionization of ibuprofen in the strong acid medium 

in which the drug-silica interactions are stronger due ionization of IBU to 

yield negatively charged carboxylate ions and positively charged–NH+3 ions 

[166]. 

As mentioned before that initial fast and burst release was observed 

with the unmodified silica SBA-15 reaching up to 27 % each in SBF and SIF, 

while only 8 % of the IBU released in SGF up to 7.5 h. In the same period the 

chemically modified silicas showed a slow release profile in all mentioned 

fluids except silica SBA-A6. It can be seen that, slow released occurred from 

silicas with high content of basic nitrogen atoms present in the bridged 

structure and suggest drug-silica interactions as shown in Figure 89 for silica 

SBA-A4. This behavior can be explained to the decrease in pore size and the 

increase in diffusion resistance caused by the functionalization of the silanol 

groups with the synthesized organic bridges.  

The percentages of the drug released in 24 h are also higher from SBA-

15 silica surface than that from modified silica in all fluids as shown in 86 to 

88. As it is known, the drug released from the mesoporous pores of silica 

involves two processes: i) the solvent diffuses into the pores to dissolve the 

drug and ii) the solvated drug diffuses out of the pore [195].  Therefore, in 

the chemically modified silica systems, the solvent takes more time to diffuse 

into the pore due to the increased hydrophobicity of the surface, which in 

addition to pore size, may be another factor to slow down the drug release of 

the system [195]. The drug release depends on the host-guest interactions that 
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change with the organofunctionalization and also strongly on pH of the 

medium. When the drug is dissolved in each fluid, the carboxylate group can 

be ionized as a function of the respective composition [166].  

The drug-loaded mesoporous silica samples soaked in release fluid with 

a pH near to neutral will differ from that of high proton conditions, due to the 

drug dissociation process. In case of SIF fluid, H+ produced due to drug 

dissociation that can be partially consumed due to buffer action and the 

equilibrium shifts the drug from the surface to release medium. When this 

fluid changed to SBF the concentration of the proton decrease as a function of 

pH condition and the drug is favorable in releasing, however, this process 

gradually falls, which would restrain the further ionization of ibuprofen to the 

solution and lowered the releasing in comparison to SIF. For the most acidic 

condition, in case of SGF, the protonated drug is more favorable bonded to the 

surface and its release is very slow from these silica materials.  

Fast release has been observed from mesoporous silica SBA-A6 in SBF, 

almost 43% of the drug released in the first hour, which decreased and became 

stable after 10 h, while in SIF, 15 to 27% of the drug released from 1 to 28 h, 

after this period the release profile is stable up to 75.5 h. In stimulated gastric 

fluid about 37 % of the drug liberated in the first 10 h, which decreased to 25 

% after 21 h and remained stable over this period. This behavior shows that, 

most of the IBU molecules sorbed on external surface of silica SBA-A6 and 

released soon after soaking in the respective fluids and secondly the drug-

silica interaction is lower in this case as cleared from the release profiles. The 

release profiles of ibuprofen salt loaded to mesoporous silicas SBA-A7 and 

SBA-A8 were not studied as the drug loading capacities of these silicas were 

low. 
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There is a large variety of formulations devoted to oral controlled drug 

release and also the varied physical properties that influence drug release from 

these formulations. The release patterns can be divided into those that release 

drug at a slow zero or first order rate and those that provide an initial rapid 

dose, followed by slow zero or first order release of sustained component.  

 

Figure 89. Schematic representation of ibuprofen interaction with the 

synthesized silicas SBA-15 and SBA-A4. 

 

As mentioned earlier, that the purpose of the controlled release systems 

is to maintain drug concentration in the blood or in target tissues at a desired 

value as long as possible. In other words, they are able to exert a control on 

the drug release rate and duration. For this purpose, generally, controlled 

release system initially release part of the dose contained in order to attain 

rapidly the effective therapeutic concentration of the drug. Then, drug release 

kinetics follows a well defined behavior in order to supply the maintenance 
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dose enabling the attainment of the desired drug concentration [195,196]. This 

behavior can be clearly seen in all release profiles of IBU from mesoporous 

silicas in which initial rapid release of the drug was followed by well defined 

behavior, which are discussed in the following section.  

 

4.9.2. Release mechanism  

There are number of kinetic models, which described the overall release 

of drug from the dosage forms. Because qualitative and quantitative changes 

in a formulation may alter drug release and in-vivo performance, developing 

tools that facilitate product development by reducing the necessity of bio-

studies are always desirable. In this regard, the use of in- vitro drug dissolution 

data to predict in-vivo bio-performance can be considered as the rational 

development of controlled release formulations [197].  

In general, solute diffusion, polymeric matrix swelling, and material 

degradation are suggested to be the main driving forces for solute transport 

from drug containing polymeric matrices [198]. Specifically, Fick’s law of 

diffusion provides the fundament for the description of solute transport from 

polymeric matrices. Fickian diffusion refers to the solute transport process in 

which the polymer relaxation time (tr) is much greater than the characteristic 

solvent diffusion time (td). When tr ≈ td, the macroscopic drug release becomes 

anomalous or non-Fickian [199].  

The purpose of mathematical modeling is to simplify the complex 

release process and to gain insight into the release mechanisms of a specific 

material system. Thus, a mathematical model mainly focuses on one or two 

dominant driving forces. In literature, well-established models have been 

developed to describe solute transport based on each of the aforementioned 
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mechanisms. However, disconnects exist between theories and experimental 

data since there are multiple driving forces involved in a single transport 

process. Moreover, the existing mathematical models may be insufficient in 

describing more complex material systems, e.g. delivery systems integrating 

multiple material components, or stimuli-triggered delivery systems in which 

the interaction with complex physiological condition is involved [196].  

The methods of approach to investigate the kinetics of drug release 

from controlled release formulation can be classified into three categories 

[200]:  

i. Statistical methods (exploratory data analysis method, repeated measures 

design, multivariate approach [MANOVA: multivariate analysis of 

variance]. 

ii. Model dependent methods for example, zero order, first order, Higuchi, 

Korsmeyer-Peppas model, Hixson Crowell, Baker-Lonsdale model, 

Weibull model, etc and   

iii. Model independent methods [difference factor (f1), similarity factor (f2). 

The in-vitro release data were analyzed using model dependent method. 

Initially the linearized form of equations of Zero-order, first-order, Higuchi, 

Hixson-Crowell and Peppas kinetic models were used, as represented by 

Equations 20 to 24: 

Zero order model:   
               (20) 

First order model:                          (21) 

Higuchi model:   
      √       (22) 
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Hixson–Crowell model:  √                 (23) 

Korsmeyer-Peppas model :                   (24) 

For these equations Mi/Mt are the fractional active agents released at 

time t, k a constant incorporating the properties and n an indication of such 

mechanism.  

Higuchi model initially conceived for planar systems, it was then 

extended to different geometrics and porous systems. This model is based on 

the hypotheses that (i) initial drug concentration in the matrix is much higher 

than drug solubility; (ii) drug diffusion takes place only in one dimension 

(edge effect must be negligible); (iii) drug particles are much smaller than 

system thickness; (iv) matrix swelling and dissolution are negligible; (v) drug 

diffusivity is constant; and (vi) perfect sink conditions are always attained in 

the release environment [201]. 

Hixson–Crowell model equation describes the release from systems 

where there is a change in surface area and diameter of particles or 

tablets.This expression applies to pharmaceutical dosage form such as tablets, 

where the dissolution occurs in planes that are parallel to the drug surface if 

the tablet dimensions diminish proportionally, in such a manner that the initial 

geometrical form keeps constant all the time [202]. 

While, the Korsmeyer-Peppas model is a simple relationship which 

described drug release from a polymeric systems. Many reseaches found this 

model suitable to explain the difussion process of drug from mosoporous silica 

based drug delivery systems [203, 204]. A comprehensive nonlinear equation 

to describe th drug release kinetics from the polymeric systems or matrices 
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[204] is generally explained using Equation 25. This diffusion model is 

expected to be valid up to approximately 60 % of release data [205]. 

Korsmeyer-Peppas model: 
             (25) 

where, Mt and M∞ denote the mass of drug released at time t and at infinite 

time, respectively, k a kinetic constant characteristic of the drug-carrier system 

and n an exponent that characterizes the mechanism. If the exponent n ≤ 0.45 

the drug release mechanism follows a Fickian diffusion for release from slabs, 

cylinders, and spheres, respectively [203], while for tablets, and depending on 

the diameter-thickness ratio, the Fickian diffusion mechanism is described by 

0.43 < n < 0.50 and  0.45 < n < 0.89 corresponds to a non-Fickian or 

anomalous diffusion, as described in Table 6. An exponent value of about 0.89 

is an indicative of case II transport and for n > 0.89 is typical zero-order 

release, respectively [203- 206]. For drug release from spherical particles with 

a wide-sized distribution, the value of n for Fickian diffusion depends on the 

distribution width. 

 

Table 6. Drug transport mechanisms and diffusional exponents n that 

describes Fickian or non Fickian diffusion of drug form the release system. 

Type of transport Diffusional exponent(n) Time dependence 

Less Fickian diffusion n> 0.45  
Fickian diffusion n= 0.45 t/1/2 
Non-Fickian(anomalous) 
diffusion  

0.45<n<0.89 tn-1 

Case II transport n=0.89 Time independent  
Super case II transport n>0.89  
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For all these models the analyses of the correlation coefficient (R2) of 

linear relationship between the drugs release and time was established for the 

evaluation of the release mechanism. The correlation coefficient value R2 and 

k values obtained with these models in SBF, SIF and SGF for the intial release 

profile of IBU up to 8.5 h are listed in Tables 7 to 9, and complete release 

profile upto 75.5 h are listed in tables A1 to A3 in appendix A, respectively. 

Low R2 values rejected the existence of linear fit for the initial release data up 

to 8.5 h and also for the complete release data in stimulated biological fluids. 

The obtained curves of linear fit of these model in these biological fliuds are 

shown in Figures A1 to A10 and the correlation coeffecient values are listed in 

Tables A1 to A3.  

The drug release as a function of time for the nonlinear fit of 

Korsmeyer-Peppas equation resulted high regression coefficient R2 for the 

drug release profile up to 7.5 h, which can be clearly seen from Tables 7 to 9 

and the obtained curves are shown in Figure 90. The diffusional exponent n < 

0.45 exhibited less Fickian and Fickian diffusion of ibuprofen from the 

synthesized mesoporous silica materials except for SBA-A3 and SBA-A6. In 

stimulated body and gastric fluids, low R2 values were observed for SBA-A3 

and SBA-A6, respectively. The exponent n value -0.10, also suggest that the 

release of IBU from SBA-A6 silica is not in agreement with Korsmeyer-

Peppas model. For the ibuprofen release in stimulated intestine fluid (SIF), the 

diffusion exponent n for all silica  indicated the Fickian diffusional release 

which is in agreement with previously reported work for mesoporous silica 

based drug delivery systems and at the same time ruled out the possibilities of 

erosion or solubilisation of the matrix as also previously suggested [206- 208].  

The clearly faster release of ibuprofen in stimulated body fluid, from the 

unmodified silica SBA-15 (kinetic constant k= 14.57) compared to modified 
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silicas, except SBA-A6 (k = 40.64) demonstrated the unrestricted diffusion of 

the drug to the dissolution medium of pH 7.2, due to the high accessibility and 

stability of the silica pore network. The modelling of the dissolution curve of 

IBU in stimulated intestinal fluid of pH 6.8 confirmed the fast release of drug 

from SBA-15 (k = 14.20) compared to modified silicas SBA-A1 (k = 11.45), 

SBA-A3 (k = 12.0), SBA-A4 (k = 6.0) and for SBA-A5 (k = 8.70), while fast 

release rates have been observed from SBA-A2 (k = 15.25) and SBA-A6 (k = 

14.85) silicas. When the release medium changed to stimulated gastric fluid 

having pH 1.2, very slow release rates were observed fro all silica materials 

except SBA-A6 (Table 9). 

The modelling of the Korsmeyer–Peppas exponent revealed that the 

ibuprofen release mechanism of silica materials were more diffusion based 

due to highly accessible nano-reservoir of the silica material provided a 

relatively unrestricted release of the drug in high pH release medium, while 

restricted slow diffusion has been observed in low pH medium, due to 

protonation of IBU in acidic medium, that ultimately increased the drug-silica 

interaction. In case of modified silicas the anchored organic groups resulted in 

increased drug-silica interactions and resulted in slow release rate, except from 

silica SAB-A6, which can be probably due to the anchored bulky aromatic 

rings on silica surface and which exert a loose control over drug release. The 

long bridged chains of modified silicas hindered the free diffusion of IBU 

from the mesopores. These results emphasized the improving effect of the 

mesoporous silica carriers on IBU dissolution at the pH 7.2; 6.8 and 1.2 

conditions. 
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Table 7. Summary of the kinetics of ibuprofen released in simulated body 

fluids (SBF pH 7.2) from the mesoporous silicas, correlation coefficient (R2) 

and exponent (n) for 8.5 h at 310 K  ± 1. 

 

 

Silica 

 Linear fits  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas 

 

 

Korsmeyer-Peppas 

R2 R2 R2 R2 R2 R2 k n 

SBA-15 0.48 0.49 0.73 0.34 0.61 0.96  14.50 ±2.7 0.05 ± 0.01 

SBA-A1 0.83 0.84 0.95 0.81 0.85 0.95 3.60  ± 0.61 0.49 ± 0.09 

SBA-A2 0.80 0.82 0.95 0.82 0.82 0.95 8.34  ± 1.11 0.41 ± 0.07 

SBA-A3 0.55 0.56 0.77 0.39 0.78 0.80 7.76  ± 2.06 0.36 ±  0.15 

SBA-A4 0.69 0.70 0.83 0.88 0.68 0.99 3.86  ± 0.81 0.02 ± 0.07 

SBA-A5 0.02 0.16 0.42 0.55 0.27 0.98 5.52 ±  0.18 0.04 ± 0.02 

SBA-A6 -0.23 -0.25 -0.87 0.77 0.38 0.90 40.64 ± 2.90 -0.10± 0.05 

 

 

Table 8. Summary of the kinetics of ibuprofen released in simulated intestinal 

fluids (SIF pH 6.8) from the mesoporous silicas (Sil), correlation coefficient 

(R2) and exponent (n) for 8.5h at 310 K  ± 1. 

 

 

Silica 

 Linear fit  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas  

Korsmeyer-Peppas 

R2 R2 R2 R2 R2 R2 k N 
SBA-15 0.64 0.64 0.85 0.62 0.70 0.90 14.20±2.22 0.33± 0.09 

SBA-A1 0.40 0.68 0.68 0.68 0.84 0.98 11.45±0.51 0.14 ± 0.03 

SBA-A2 0.60 0.56 0.81 0.55 0.69 0.98 15.25±2.50 0.30 ± 0.10 

SBA-A3 0.50 0.64 0.75 0.63 0.75 0.95 12.00±0.90 0.20 ± 0.05 

SBA-A4 0.15 0.10 0.45 0.09 0.48 0.98 6.00± 0.30 0.06 ± 0.03 

SBA-A5 0.18 0.10 0.45 0.09 0.42 0.95 8.70±0.53 0.08 ± 0.04 

SBA-A6 0.20 0.64 0.52 0.64 0.48 0.97 14.85±0.33 0.08±0.032 
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Table 9. Summary of the kinetics of ibuprofen released in simulated gastric 

fluids (SGF pH 1.2) from the mesoporous silicas, correlation coefficient (R2) 

and exponent (n)  for 8.5h at 310 K  ± 1. 

 

 

Silica 

 Linear fit  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas  

Korsmeyer-.Peppas 

R2 R2 R2 R2 R2 R2 k N 

SBA-15 0.37 0.38 0.7 0.31 0.66 0.98 6.30 ± 0.43 0.11±0.04 

SBA-A1 0.07 0.03 0.40 0.33 0.01 0.99 6.00 ± 0.22  -0.03±0.02 

SBA-A2 0.02 0.16 0.50 -0.47 -49.0 0.99 4.90 ± 0.13 0.03±0.02 

SBA-A3 0.14 0.13 0.47 -0.46 0.14 0.76 6.35 ± 1.63 0.10±0.15 

SBA-A4 0.15 0.15 0.49 -0.56 -0.40 0.99 7.73 ± 2.90 0.01±0.02 

SBA-A5 0.16 0.17 0.50 -0.46 -0.48 0.99 3.07 ± 0.08 0.01±.002 

SBA-A6 0.38 0.41 0.60 -0.04 0.30 0.79 23.1 ± 5.70 0.12±0.15 
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Figure 90. Adjustment of the Kosmyer-Peppas model for the release data of 

ibuprofen from mesoporous silicas SBA-15(), SBA-A1 (●), SBA-A2 (▲), 

SBA-A3 (▼), SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) SBF, (b) SIF and 

(c)  SGF fluids at 310 K  ± 1.  
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4.10. Dye Removal 

To investigate the phenomenon of adsorption of the dyes, the dye 

structure, associated functional groups, and dissociation of dye to produce 

neutral, positive or negative charges, were taken into account. The success of 

the sorption process also depends on experimental conditions such as pH of 

the solution, characteristics of the absorbent materials, contact time and dye 

concentration, which were considered in this part of work. 

 

4.10.1. Effect of contact time on dye sorption process  

One important variable in the sorption process is contact time. To check 

the effect of this parameter, in a batch wise procedure a series of samples of 

about 10 mg of each mesoporous silica were suspended in 10.0 cm3 of RB-15 

dye solution using a concentration of 9.0 × 10-5 mol dm-3 at 298 ± 1 K. At 

regular time intervals aliquots of the supernatant of dyes solutions were 

analyzed spectrophotometrically at their corresponding wavelengths.  

The sorbed amounts as a function of time are shown in Figure 91a. 

These results demonstrated that the equilibrium reached in 3 h for unmodified 

silica, but changed to 4 and 5 h for the modified silica hybrids. The maximum 

sorption of brilliant green dye on silica SBA-15 was achieved within 4 h as 

shown in Figure 91b, using 0.5 g of silica SBA-15 and 20.0 cm3 of 8.0 × 10-5 

mol dm-3 of brilliant green dye at 298 ± 1 K. 
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Figure 91. Sorption kinetics of RB-15 on (a)  SBA-15 (), SBA-A1 (▲), 

SBA-A2 (▼), SBA-A3 (◄), SBA-A4 (►) and SBA-A6 (♦) silicas and (b) 

sorption kinetics of BG on silica SBA-15 () silica. 

 

4.10.2. Effect of pH  

Variation of reactive blue uptake at different pH values was investigated 

using about 10 mg of each silica sorbents with the same conditions of volume, 
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into account the best equilibrium conditions and the dye solutions were 

prepared and adjusted with HCl and NaOH solutions. The silicas SBA-A1, 

SBA-A2, SBA-A3, SBA- A4 and SBA- A6 sorbed 88.3; 2.9; 82.0; 40.0 and 

30.0 % of RB-15 dye at pH 4.0, while 70.0; 72.0; 46.15; 80.81; 43.90 and 

28.60 at neutral pH, respectively, as shown in Figure 92. As observed, the 

sorption of anionic dye was obtained with the maximum value at pH 4.0, in 

agreement with previous results [209].  

The experiments were not conducted at lower pH, as the anchored 

organic groups on the silica surface can be removed in such conditions [210]. 

The pH values substantially affect the availability of dye in solution to interact 

with the sorbent surface, which is positively charged, favoring the sorption of 

the anionic RB-15 dye. In contrast, the increase in pH above 8.0 shows a 

decrease in sorption even though the sorbent surface is positively charged, 

which may be  due to the fact that at this pH the anionic dye species is no 

longer attracted to the sorbent surface, due to possible changes in its structure.  

 

 
Figure 92. Effect of pH on the sorption kinetics of RB-15 on mesoporous 

silica SBA-15 (), and modified silicas, SBA-A1 (●) SBA-A2 (▲) SBA-A3 

(▼) SBA-A4 (◄) and SBA-A6 (►) silicas at 298 ± 1 K.    
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To compare the net sorbent effect, the precursor unmodified SBA-15 

silica presented a negligible quantity of dye sorption, which could be due to 

lack of positive groups to attract negatively charged RB-15 dye. It has been 

observed that the sorption capacities of modified silicas, SBA-A3, SBA-A4 

and SBA-A6 are almost same in pH medium of 4; 6 and at pH of deionized 

water, respectively. While SBA-A1 showed maximum dye removal capacity 

at pH 4 and SBA-A2 showed minimum dye removal at this pH.  When 

compared to acidic or basic medium the sorption of RB-15 at neutral pH is 

quite reasonable and a handsome amount of dye was taken up by all modified 

silica hybrids at this pH. An example of modified silica SBA-A1 and RB-

15dye interaction can be represented in scheme of Figure 93. 

The pH effect on the sorption of BG was not taken in consideration, as a 

quite high amount of dye was removed by SBA-15 in aqueous medium within 

4 hours, during the kinetic study. 
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Figure 93. Schematic representation of the interactions between RB-15 and 

modified silica SBA-A1. 
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4.10.3. Sorption kinetics  

The sorption efficiency of the synthesized silicas was performed by 

considering the influence of contact time in dye solutions and this process is 

regarded as a reversible reaction at the solid/liquid interface. The pseudo-first-

order and pseudo second-order kinetic models [211] were applied to study the 

sorption kinetic behavior of the dye and the obtained data was processed to 

understand the dynamics of sorption in terms of order and rate constants.  

The differential equation for the pseudo-first-order kinetic model is 

given by Equation 26:  

)(1 te

t qqk
dt

dq
          (26)                                                  

where qe and qt refer to the amounts of dye sorbed (mg g-1) at equilibrium and 

at any time, t (min), respectively, and k1 is the equilibrium rate constant of 

pseudo-first-order sorption (min−1).  

The correlation coefficients of the non-linear fit of pseudo-first-order 

for the sorption RB-15 dye on SBA-15, SBA-A1, 2SBA-A2, SBA-A3, SBA-

A4 and SBA-A6 were found to be 0.20, 0.58 and 0.79; 0.99; 0.98 and 0.98, 

respectively, while high R2 value of 0.99 was obtained for the sorption of BG 

dye on SBA-15. The calculated k1, equilibrium sorption capacities are listed in 

Table 10. 

The obtained kinetic data were also treated with a pseudo-second-order 

kinetic model [211]. The differential Equation (27) can be given as: 

    2

2 )q(qk
dt

dq
te

t             (29) 
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where k2 is the equilibrium rate constant for this system (g mg−1 min−1). The 

kinetic data were adjusted through non-linear regression analysis using the 

ORIGIN 8.0 program. The second order gave a high value for correlation 

coefficient R2 and small chi-squared (x2 < 1) values, as listed in Table 10. 

 

Table 10. Kinetic parameters derived from the pseudo-first and pseudo-second 

order plots for the sorption results of the reactive blue dye (RB) on chemically 

modified silicas and brilliant green (BG) on silica SBA-15, presenting 

experimental equilibrium concentration (qe (exp)), correlation coefficient (R2), 

equilibrium sorption capacity (qe), the rate constant for first order kinetics (k1), 

the rate constant for second order kinetics (k2), chi square value (X2).  

  qe(exp) 

(mmolg-1) 

Pseudo First order Pseudo second order 

Silica Dye  R2 (qe) 

(mmolg-1) 

k1 

 

X
2× 

10-5 

R2 (qe) 

(mmolg-1) 

k2 

 

X
2× 

10-5 

SBA-15 RB 0.01 0.20 0.01 1.0 0.1 0.42 0.01 1.5 0.60 

SBA-A1  0.05 0.58 0.04 1.0 15.0 0.95 0.07 0.1 1.60 

SBA-A2  0.06 0.79 0.06 0.4 7.0 0.81 0.07 5.5 6.0 

SBA-A3  0.04 0.99 0.04 1.6 0.03 0.99 0.04 83 0.04 

SBA-A4  0.01 0.98 0.01 0.2 0.01 0.99 0.02 11 0.01 

SBA-A6  0.01 0.98 0.01 1.2 0.03 0.99 0.01 1.5 0.02 

SBA-15  BG 0.14 0.99 0.14 0.9 0.6 0.96 0.2 6.2 2.20 

 

The second order rate constant (k2) and the equilibrium sorption 

capacity (qe) were calculated from the intercept and slope of the t/qt versus t 

plots. The rate constant k2 of the second-order equation for sorption of RB-15 

onto modified silicas were found 1.50; 0.10; 5.5; 83; 11 and 1.5 

g mg−1 min−1for SBA-15, SBA-A1, SBA-A2, SBA-A3, SBA-A4 and SBA-

A6, respectively. While k2, 6.2 g mg−1 min−1 was observed for BG dye on 
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silica SBA-15. The sorption kinetics of RB-15 on silicas SBA-A1, SBA-A3 

and SBA-A4 follow second order kinetic as evidenced from high R2 and from 

the agreement between the calculated qe and experimental qe(exp) values. 

Low value of R2 was observed for silica SBA-15. The sorption kinetics data 

for BG on silica follow first order as evidenced from high R2 value, and 

calculated and experimental qe values as shown in Table 10.  

  

4.10.4. Sorption isotherms 

The experimental sorption data were fitted according to the Langmuir, 

Freundlich and Sips isotherm models [212, 213]. The Langmuir model 

suggests the estimation of maximum sorption capacity that occurred by 

completing a monolayer on the sorbent surface. The Freundlich isotherm 

describes reversible sorption, it is not restricted to the formation of a 

monolayer and predicts that the dye concentration on the sorbent will increase 

so long as there is an increase in the dye concentration in solution, while Sips 

model is a combination of both Langmuir and Freundlich models and offers a 

flexible analytical framework for modeling both Langmuir and Freundlich 

type sorption effects, these isotherm can be represented from equations 31 to 

33:  

Langmuir model:    
1 eqL

eqLmon

f
Cb

CbN
N


    (31) 

Freundlich model:         )(
/1 n

eqff CKN    (32) 

Sips model:                
)(1

)(
 

/1

/1 s

sn

eqS

n

eqSmon

f
Cb

CbN
N


                (33) 
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where Nf is defined before, Ceq is the concentration of dye present at 

equilibrium, Nmon the maximum quantity of sorbate required for monolayer 

formation, bL is the affinity of the binding sites and energy of sorption that 

includes the equilibrium constant for Langmuir. Kf and 1/n are the Freundlich 

constants related to the extent of sorption and the degree of nonlinearity 

between solution concentration and sorption, respectively, bs is the Sips 

constant that is related to the sorption energy and resembles the bL parameter 

of the Langmuir model. The regression correlations (R2) and constants of 

these models, obtained with the non-linear fit of these models, using origin 8.0 

program to the sorption isotherms, are listed in Table 11.   

 

Table 11. Sorption results of, RB-15 on chemically modified silicas and BG 

on SBA-15, using several sorption models, to give the coefficient of 

correlation (R2), Langmuir constants (bL), the Freundlich constant (Kf ), 

heterogeneity factor (n), Sips constant (bs), (ns) and Nf  theoretical and 

experimental (Nfexp). 

Silica Dye Nfexp Langmuir Freundlich Sips 

  mmol 

g-1 

R2 Nf bL R2 Kf n R2 Nf bs×9 ns 

SBA-A1 RB 0.07 0.70 0.12 70.2 0.60 0.54 1.90 0.96 0.07 3.30 4.4 

SBA-A2  0.07 0.81 0.27 21.3 0.80 2.37 1.17 0.96 0.07 13.2 4.6 

SBA-A3  0.13 0.98 0.19 7.5 0.96 0.25 1.96 0.99 0.14 68 0.6 

SBA-A4  0.03 0.97 0.05 19.5 0.98 0.09 2.04 0.97 47.0 0.002 2.4 

SBA-A6  0.02 0.95 0.04 8.3 0.93 0.1 1.45 0.96 0.02 523 0.5 

SBA-15 BG 0.60 1.0 3.80 0.9 1.00 2.5 1.09 1.00 4.30 0.77 1.0 

 

The high values of R2 for the Sips model are in agreement with RB-15 

sorption on modified mesoporous silicas, which best explains the sorption 
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mechanism, as reinforced by ns values in the 1 to 10 range that also indicates 

favorable sorption [214], onto modified silica hybrids SBA-A1, SBA-2 and 

SBA-A4, while ns less than 1 value has been observed for SBA-A3 and SBA-

A6.   

High values of R2 of 1.0 have been observed with Langmuir, Freundlich 

and Sips models for sorption isotherm of BG dye onto mesoporous silica 

SBA-15 given in Table 11. The constants n and ns values ≤ 10 also indicated 

that the sorption of BG onto silica unmodified SBA-15 is favorable. The 

concentration profiles for the sorption of RB-15 on modified silicas with the 

equilibrium curves obtained with these models are shown in Figure 94 to 98 

and the concentration profile along with the applied models is shown in Figure 

99.  

 

 

 

Figure 94. Sorption Isotherm for dye reactive blue 15 on modified silica SBA-

A1, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (…..) and Sips (___) models. 
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Figure 95. Sorption Isotherm for dye reactive blue 15 on modified silica SBA-

A2, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (….) and Sips (___) models. 

 

These results shows that the sorption data of RB-15 are poorly fitted to 

Langmuir and Freundlich model, as evidenced from lower correlation 

coefficients (R2), while Sips model better explain the sorption of RB-15 onto 

modified silica hybrids and comparatively high correlation coefficients were 

observed for all modified silica except for SBA-A4, that follow Freundlich 

model as evidenced from R2 value (Table 11). 

The maximum RB-15 dye sorption capacities of SBA-A1, SBA-A2, 

SBA-A3 and SBA-A6 at equilibrium, obtained with Sips model are in 

agreement with the experimental value as listed in Table 11. Taking into 

account the large RB-15 dye molecule in comparison to the pore size of the 

mesoporous silica, an unfavorable condition of entrance of this dye inside the 

pores was expected. On the other hand, the dye has potentially many negative 

active centers to interact electrostatically with the available positive centers in 

the mesoporous silicas (Figure 93), which favors dye-silica interactions as 
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evidenced from good fits of equilibrium data in the Sips isotherm expressions 

and confirmed by the multilayer’s coverage of RB-15 onto the derived silica 

surfaces.  

 

Figure 96. Sorption Isotherm for dye reactive blue 15 on modified silica SBA-

A3, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (….) and Sips (___) models. 

  

Figure 97. Sorption Isotherm for dye reactive blue 15 on modified silica SBA-

A4, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (….) and Sips (___) models. 
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Figure 98. Sorption Isotherm for dye reactive blue 15 on modified silica SBA-

A6, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (….) and Sips (___) models. 

 

 

 

Figure 99. Sorption Isotherm for dye brilliant green on unmodified silica 

SBA-15, experimental data (_■_), with adjustment to the Langmuir (- - -), 

Freundlich (….) and Sips (___) models. 
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5.0. Titration Calorimetry 

The thermal effects, based on the energy of interactions between salt of 

ibuprofen (IBU-Na+) and the anchored organic chains on mesoporous silicas or 

with silanols groups of SBA-15 were measured, in order to obtain energy 

system information through the thermodynamic data. The interactions 

involving an energy value and may be determined by solution calorimetry, 

using the titration technique calorimetry [130-134]. 

 The calorimeter measures the heat changes associated all events. It is 

possible to determine the binding constant, K, and the enthalpy of interaction, 

ΔH, for for the system, by application of the relationship given by Equation 

36. This approach presupposes the binding mechanism is known. 

                 (36) 

The titration calorimetric curves for few samples were obtained by 

recording power (P) as a function of time (t). The thermal effect or heat (Q) 

were calculated by the integration of the obtained peaks, which allow to 

indicate the saturation of sites and to calculate the enthalpy of interaction 

(∆H). For example the titration calorimetric curve for a silica SBA-A1 along 

with blank is shown in Figure 100. 

http://www.sciencedirect.com/science/article/pii/S0040603101006694#FD1
http://www.sciencedirect.com/science/article/pii/S0040603101006694#FD1
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Figure 100. Typical isothermal titration calorimetric curve of blank (A) and 

for the 0.15 g of mesoporous silica SBA-A1 with 0.329 mol dm-3 of IBU-Na+ 

dissolved in water (B). 

 

From the integration of these curves, the values of the interactive 

thermal effects for each injection of the titrant can be obtained. To obtain the 
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calorimetric experiments were conducted. The first experiment consists in 

obtaining the thermal effect based on the interaction, of IBU- solution and 
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suspended material, featuring a heterogeneous system. The second experiment 

was carried out to obtain the thermal effect of dilution of the salt of ibuprofen 

solution, as given in Figure 100. 

These thermal effects associated with a full thermodynamic cycle for a 

series of titrations involving a suspension (sp) of mesoporous silica hybrid 

(Hibd) in aqueous (aq) solutions of ibuprofen (IBU-), as represented by 

Equations 37 and 40 [215]: 

Hibd (sp) + IBU-
 (aq) = Hibd.IBU-

 (sp);      Qt    (37) 

IBU-Na+
 (aq) + nH2O = IBU-. nH2O(aq);              Qdil        (38) 

Hibd (sp) + nH2O = Hibd. nH2O (sp);   Qh    (39) 

Hibd. nH2O (sp) + IBU-. nH2O(aq) = Hibd. IBU-
 (sp) + 2nH2O; Qres     (40) 

The titration experiment was performed in duplicate and the thermal 

effects of titration (Qt), dilution (Qdil) were determined for each point. The 

thermal effect of hydration for the hybrid material synthesized is null (Qh = 0). 

Thus, the resulting thermal effect (Qres) sorption was obtained by the following 

expression in Equation 41: 

ΣQres = ΣQt - ΣQdil            (41) 

The net summation of calorimetric effects (ΣQres) as a function of the 

mole fractions (ΣX) for silica SBA-15 and modified silicas SBA-A1; SBA-

A3; SBA-A4; SBA-A7 and SBA-A8 are shown in Figure 101. The titration 

curves of these silicas are given Figures B1 to B6 in Appendix B.  Positive 

ΣQress values have been observed for silica SBA-A1 and SBA-15, while small 

negative ΣQres values were observed for SBA-A3; SBA-A4; SBA-A7 and 

SBA-A8 silicas, reflect the poor interaction of drug with these materials. For 

materials, SBA-A7 and SBA-A8 these interactions are evident from ΣQres 
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values and also reflected in their low drug loading capacities of 8 and 10%, 

respectively. For other silicas calorimetric experiments were not performed.  

 

 

Figure 101. An illustration of the sum net calorimetric effect (Σ Qres) as a 

function of mole fractions (ΣX) of SBA-15 (), SBA-A1 (●), SBA-A3 (▲), 

SBA-A4 (▼), SBA-A7 (◄) and SBA-A8 (►) silicas at 300 K.  

 

The enthalpy of adsorption and the concentration of the drug ions in 

equilibrium can be calculated using modified form of Langmuir model as 

given in the Equation 42.  

∑ ∑                   ∑              (42) 

where ∑X is the sum of mole fractions (mol dm-3) of the IBU- in solution,  

∑∆rH is  the integral enthalpy of adsorption (J g-I), K is a proportionality 

factor which includes the equilibrium constant and ∆monH  is the integral heat 

of adsorption for formation of a  monolayer of the unitary mass of 

functionalized material. For each increment of solute on the surface 
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suspension ∑X can be calculated. The obtained results were applied to 

Equation 42 and the calculated thermodynamic values are listed in Table 11. 

A plot of (∑X)/(∑∆rH) vs ∑X for silica SBA-A1, gives ∆monH  values 

from the angular coefficient of the straight line as given in the Figure 102. The 

correlation coefficient R2 was found to be 0.95 and 0.99, the enthalpy for the 

monolayer formation (∆monH), was found 0.07 and 1.72 mol g-1, binding 

constant (lnK) values 4.63 and 5.0 and the ∆G value of -11.66 and -12.60 kJ 

mol-1 for SBA-15 and SBA-A1, respectively. Low R2 values of 0.05; 0.30; 

0.04; 0.007 were obtained for SBA-A3, SBA-A4, SBA-A7 and SBA-A8 

silicas, and hence rejects the linear fit of the Langmuir model. 

 

 

Figure 102. Isothermal calorimetric curve of IBU interaction with the amines 

of the bridged centers of SBA-A1 silica. 
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H = monoH / Ns  (43) 

Where, Ns is maximum quantity of ibuprofen sorbed in mol g-1
. As 

mesoporous silicas SBA-15 and SBA-A1, loaded 400 and 350 mg g-1 salt of 

ibuprofen (IBU-Na+), respectively. Using this data Ns values were calculated 

and were found 1.75×10-3 and 1.50×10-3 mol g-1 for SBA-15 and SBA-A1, 

respectively. Based on K values of, the Gibbs energies were calculated by 

using Equation 44: 

G = -RT lnK  (44) 

The value of entropy change (S) can be calculated using Equation 45: 

G = H - TS   (45) 

The calculated G and S values are given in Table 11. The negative 

free energy change (-ΔG), indicated that sorption process of salt of ibuprofen 

on mesoporous silicas is spontaneous in nature. The change in free energy ΔG 

was found -11.66, -12.60 kJ mol-1 for SBA-15 and SBA-A1 silicas, 

respectively. The change in entropy ΔS values were calculted and were found 

40.55 and 45.30 J mol-1 K-1 for SBA-15 and SBA-A1 silicas, respectively. 

The positive entropy values suggest an increase in the disorder of final 

system after disruption of the sorption processes, which is related to the 

displacement of water molecules initially being established by the existence of 

hydrogen bonds with surface silanols or organic chains of these hybrids. The 

thermodynamic data initially indicated that, there is a favoring of the 

interactions of salt of ibuprofen with the basic centers of the synthesized silica 

hybrids. The calorimetric experiments were preliminary investigations will be 

evaluated further.   
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Table 11. Values of the thermodynamic quantities related to the interactions of 

IBU- ions with mesoporous silicas at 298.15 ± 1K. 

 

Silica R2 ΔH/kJ mol-1 ln K - ΔG/kJ mol-1 ΔS/J mol-1 K-1 

SBA-15 0.95 0.43 4.63 11.66 40.55 

SBA-A1 0.99 0.90 5.0 12.60 45.30 
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Conclusion 

The precursor mesoporous silica has a stable structure with high surface 

area and the organo-functionalization of these materials showed promising 

abilities as controlled delivery agents or active sorbents for dyes. The surface 

of SBA-15 mesoporous silica chemically modified through the anchoring of 

long and short chains of amines, glutaraldehyde, glycidyl methacrylate and 

pyromellitic dianhydride bridged chains, included hydrophobic groups, which 

ultimately increased the interaction with ibuprofen and affected the delivery 

profile of this drug. 

The obtained results demonstrated that SBA-15 could be an excellent 

biocompatible inorganic host for drug reservoirs and delivery carriers. The 

data from the discussed methods suggested that the drug is released over a 

period of more than 70 h and kinetic models were applied to fit the release 

data to find out the release mechanism. The Korsmeyer-Peppas model best fit 

and explain the release mechanism of drug from the synthesized silicas and 

the diffusion process of systems. This behavior opens the opportunity to 

consider formulations with only once daily administration, white out the 

context of the polymedication usually associated with hypertension and other 

related medical conditions, that would increase the compliance of the patient 

and treatment response. 

Batchwise sorption studies evidenced the effectiveness of these 

synthesized materials as efficient sorbents, considering the best conditions 

related to pH, concentration and contact time, to reach the fast equilibrium in 

this heterogeneous system. Kinetic models fitted the data and showed good 

agreement between the experimental and expected values. The Sips isotherm 

was found to provide a close fit to the equilibrium data. The chemically 
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modified silicas have the ability to remove Reactive Blue-15 dye with high 

efficiency from aqueous solution directly at room temperature. 

The presence of organic chains having basic amines or hydrophobic 

chains and the negative centers on the anionic dye structure are responsible for 

electrostatic interactions and subsequently for enhancing the sorption process. 

While for cationic dye, brilliant green the active silanols groups of 

mesoporous silica SBA-15 are responsible to interact with the positive centers 

of this dye. In the modified silica hybrids the anchored active centers are 

likely concentrated near the openings of channels and/or on the external 

surfaces and can form bonds linkages with sulphonate groups present in the 

reactive blue-15 dye structure. This investigation also provides an evidence of 

bonding interactions of RB-15 with the functionalized silicas surface and these 

synthesized silicas can be recommended as useful materials to clean an 

ecosystem from the organic dyes like Reactive blue.  
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Table A1. Summary of the kinetics of ibuprofen released in simulated body 

fluids (SBF pH 7.2) from the mesoporous silicas, correlation coefficient (R2) 

and exponent (n) for 75.5 h at 310 K  ± 1. 

 

 

Silica 

 Linear fit  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas  

Korsmeyer-.Peppas 

R2 R2 R2 R2 R2 R2 k n 

SBA-15 -0.1 -0.08 -0.02 0.01 0.02 0.50 17.53 ± 2.57 0.02±.06 

SBA-A1 0.56 0.57 0.75 0.57 0.73 0.89 4.88  ±  0.62 0.21±0.04 

SBA-A2 0.25 0.30 0.52 0.26 0.62 0.81 11.29 ± 1.44 0.14±0.04 

SBA-A3 -0.08 -0.07 0.003 0.08 0.08 0.35 10.15 ± 2.20 0.05±0.07 

SBA-A4 0.08 -0.06 -0.08 0.09 -0.06 0.26 4.18 ± 0.89 -0.02±0.07 

SBA-A5 0.37 -0.04 -0.08 0.38 0.04 0.60 5.98 ±  0.64 -0.04± .04 

SBA-A6 0.58 0.01 -0.07 0.56 0.79 0.93 40.8 ± 1.70 -0.10±0.02 

 

 

Table A2. Summary of the kinetics of ibuprofen released in simulated body 

fluids (SIF pH 7.2) from the mesoporous silicas, correlation coefficient (R2) 

and exponent (n) for 75.5 h at 310 K  ± 1. 

 

 

Silica 

 Linear fit  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas  

Korsmeyer-.Peppas 

R2 R2 R2 R2 R2 R2 k n 

SBA-15 -0.08 0.06 -0.06 0.05 -0.019 0.43 18.12±2.98 0.01 ± 0.05 

SBA-A1 -0.03 0.35 -0.08 0.35 0.02 0.52 13.19±1.68 -0.04± 0.04 

SBA-A2 -0.07 0.12 -0.07 0.11 -0.05 0.40 19.39±3.26 0.003±0.05 

SBA-A3 -0.08 0.12 -0.05 0.12 -0.09 0.57 14.09±1.23 -0.002±0.04 

SBA-A4 -0.07 0.15 0.01 0.15 -0.08 0.86 6.35± 0.37 -0.006±0.02 

SBA-A5 0.02 0.65 -0.08 0.64 0.18 0.69 9.45 ± 0.84 -0.053±0.03 

SBA-A6 0.15 0.08 0.37 0.10 0.38 0.74 15.67±1.90 0.10± 0.04 
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Table A3. Summary of the kinetics of ibuprofen released in simulated gastric 

fluids (SGF pH 1.2) from the mesoporous silicas, correlation coefficient (R2) 

and exponent (n)  for 75.5h at 310 K  ± 1. 

 

 

Silica 

 Linear fit  Non linear fit 

Zero 

order 

First 

order 

Higuchi Hixson–

Crowell 

Peppas  

Korsmeyer-.Peppas 

R2 R2 R2 R2 R2 R2 k n 

SBA-15 -0.03 -0.03 0.10 -0.03 -0.08 0.86 7.2±0.56 0.01±0.02 

SBA-A1 0.17 0.17 0.30 0.21 0.07 0.90 5.6 ±0.39 0.03± 0.02 

SBA-A2 0.33 0.34 0.50 0.57 -0.70 0.95 4.5± 0.25 0.09± 0.02 

SBA-A3 -0.02 -0.02 0.06 0.09 -0.08 0.58 7.0± 1.12 0.01± 0.05 

SBA-A4 0.01 0.01 -0.07 0.78 0.47 0.75 9.0 ±  0.9 -1.10±0.03 

SBA-A5 0.35 0.35 0.55 0.59 0.74 0.95 2.8 ± 0.06 0.09± 0.04 

SBA-A6 -0.07 -0.06 -0.07 0.38 0.16 0.70 29.0±3.35 -0.06±0.04 
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Figure 1A. Adjustment of Zero order kinetics model for the release data of 

ibuprofen for 8.5 h from mesoporous silicas SBA-15 (), SBA-A1 (●), SBA-

A2 (▲) BA-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) SBF, 

(b) in SIF and (c) in SGF fluids at 310 K  ± 1.  
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Figure A2. Adjustment of First order kinetics model for the release data of 

ibuprofen for 8.5 h from mesoporous silicas SBA-15 (), SBA-A1 (●), SBA-

A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) SBF, 

(b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A3. Adjustment of Higuchi kinetics model to the release data of 

ibuprofen up to 8.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A4. Adjustment of Hixson-Crowell model to the release data of 

ibuprofen up to 8.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 

 

0 2 4 6 8

0.82

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

D
ru

g 
re

le
as

e 
(c

br
t(

1-
M

i/M
t))

time(h)

(a)

 

0 1 2 3 4 5 6 7 8 9

0.88

0.90

0.92

0.94

0.96

0.98

1.00

D
ru

g 
re

le
as

e 
(c

br
t(

1-
M

i/M
t)

time(h)

(b)

 

 

0 1 2 3 4 5 6 7 8 9

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

D
ru

g 
re

le
as

e 
(c

br
t(

1-
M

i/M
t)

time (h)

(c)



209 

 

 

 

 
Figure A5. Adjustment of linear fit of Korsmeyer-Peppas model to the release 

data of ibuprofen up to 8.5 h, from mesoporous silicas SBA-15 (), SBA-A1 

(●), SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in 

(a) SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A6. Adjustment of the Zero order kinetic model to the release data of 

ibuprofen up to 75.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A7. Adjustment of First order kinetics model to the release data of 

ibuprofen up to 75.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A8. Adjustment of Higuchi model to the release data of ibuprofen up to 

75.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), SBA-A2 (▲) A-

A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) SBF, (b) in SIF 

and (c) in SGF fluids at 310 K ±1. 
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Figure A9. Adjustment of Hixson-Crowell model to the release data of 

ibuprofen up to 75.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 

 

0 10 20 30 40 50 60 70 80

0.82

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

D
ru

g 
rle

as
e 

(c
br

t (
1-

M
i/M

t))

time(h)

(a)

 

 

-10 0 10 20 30 40 50 60 70 80

0.88

0.90

0.92

0.94

0.96

0.98

D
ru

g 
re

le
as

e(
cb

rt
(1

-M
i/M

t)

time(h)

(b)

 

 

0 10 20 30 40 50 60 70 80 90

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

D
ru

g 
re

le
as

e(
cb

rt
(1

-M
i/M

t)

time (h)

(c)

 



214 

 

 

 

 

Figure A10. Adjustment of the linear fit of Peppas model  to release data of 

ibuprofen up to 75.5 h, from mesoporous silicas SBA-15 (), SBA-A1 (●), 

SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-A6 (♦) in (a) 

SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 
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Figure A11. Adjustment of nonlinear fit of Korsmeyer-Peppas model to the 

release data of ibuprofen up to 75.5 h, from mesoporous silicas SBA-15 (), 

SBA-A1 (●), SBA-A2 (▲) A-A3 (▼) SBA-A4 (◄) SBA-A5 (►) and SBA-

A6 (♦) in (a) SBF, (b) in SIF and (c) in SGF fluids at 310 K ±1. 

 

0 10 20 30 40 50 60 70 80

-5

0

5

10

15

20

25

30

35

40

45

D
ru

g 
re

le
as

e 
(%

)

time (h)

(a)

 

0 10 20 30 40 50 60 70 80

0

5

10

15

20

25

30

D
ru

g 
re

le
as

e 
(%

)

time (h)

(b)

 

 

 

0 10 20 30 40 50 60 70 80 90

0

5

10

15

20

25

30

35

40

D
ru

g 
re

le
as

e 
(%

)

time (h)

 

(c)



216 

 

 

 

 

 

 

 

 

 

 

 

 

  



217 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B 

 

  



218 

 

 

 

 

 

 

 

 

 



219 

 

 

Figure B1. Isothermal titration calorimetric curve of blank using 3.0 cm3 of 

distilled water with 0.329 mol dm-3 of sodium salt of ibuprofen. 

 

 

 

 

Figure B2. Isothermal titration calorimetric curve using 3.0 cm3 of 0.15 g of 

mesoporous silica SBA-15 with 0.329 mol dm-3 of sodium salt of ibuprofen. 
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Figure B3. Isothermal titration calorimetric curve using 3.0 cm3 of 0.15 g of 

mesoporous silica SBA-A3 with 0.329 mol dm-3 of sodium salt of ibuprofen. 

 

 

Figure B4. Isothermal titration calorimetric curve using 3.0 cm3 of 0.15 g of 

mesoporous silica SBA-A4 with 0.329 mol dm-3 of sodium salt of ibuprofen. 
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Figure B5. Isothermal titration calorimetric curve using 3.0 cm3 of 0.15 g of 

mesoporous silica SBA-A7 with 0.329 mol dm-3 of sodium salt of ibuprofen. 

 

 

Figure B6. Isothermal titration calorimetric curve using 3.0 cm3 of 0.15 g of 

mesoporous silica SBA-A8 with 0.329 mol dm-3 of sodium salt of ibuprofen. 
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